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ABSTRACT 
Seismic Response Evaluation of Concrete Gravity Dams Subjected to  
Spatially Varying Earthquake Ground Motions 
 
Junjie Huang 
Advisor: Aspasia Zerva, Ph.D. 
 
The seismic response of spatially extended structures, such as bridges, pipelines 
and dams, is influenced by the differences in the ground excitations over distance, 
commonly referred to as the “spatial variation of the seismic ground motions.” 
This study analyzes the effect of spatially variable ground motions on the 2D 
response of concrete gravity dams. The numerical modeling of concrete gravity 
dams involves material nonlinearities (the concrete in the body of the dam, the 
foundation material, and the water in the reservoir), geometric nonlinearities 
(contact between the dam and the foundation, the dam and the reservoir, and the 
reservoir and the foundation, the latter also including the effect of the sediment 
deposits), and the influence of the infinite foundation and reservoir domains. 
Sensitivity analyses are conducted first to examine the effect of infinite domains, 
commonly used simplifications in the modeling of the reservoir, and the 
nonlinearities in the foundation rock, including its approximation as a jointed 
material. The numerical model is then utilized to reproduce the 2D cross section 
of the Koyna Dam in India, which was severely damaged during the 1967 Koyna 
Earthquake. The damage patterns observed in the actual dam and in limited 
shake-table experimental studies are well reproduced by the numerical model. 
The model is then subjected to spatially variable excitations incorporating the 
wave passage effect with values for apparent propagation velocities consistent 
xix 
 
with the source-site geometry and the shear wave velocity in the foundation rock. 
It is shown that different response patterns occur when spatially variable and 
uniform seismic ground motions are applied as input excitations to the model, 
because spatially variable excitations induce the quasi-static response, which 
uniform excitations do not, and, furthermore, the dynamic response caused by the 
different input motion scenarios varies. Notably, spatially variable excitations 
produce larger openings at the heel of the dam and more severe slipping at its toe; 
these latter observations can have a significant consequence for the global dam 
stability during an earthquake. 

1 
 
1. CHAPTER 1: INTRODUCTION 
 
1.1. Background 
 
Concrete gravity dams are critical structures that serve electricity generation, water 
supply, flood control, irrigation, recreation, and other purposes. They are an integral 
component of the society’s infrastructure system. Concerns about their safety in a seismic 
environment have been growing over the past few decades, partly, because earthquakes 
may impair their proper functioning and trigger catastrophic failure causing property 
damage and loss of life, and, also, because the current knowledge on the behavior of 
dams during very strong ground shaking is inadequate.  
 
The risks posed by earthquakes on concrete gravity dams have been demonstrated by the 
damage of such dams throughout the world, as, e.g. the Koyna Dam in India and the 
Shih-Gang Dam in Taiwan. The Koyna Earthquake resulted in a considerable amount of 
damage to the Koyna Dam, including the development of cracks in the dam, water 
leakage on the downstream face of the dam, and spalling of concrete along the vertical 
joints between monoliths. The Shih-Gang Dam was also severely damaged by fault 
movements and ground shaking during the 1999 Chi-Chi earthquake in Taiwan. Figure 
1.1 shows the damaged Shi-Gang Dam caused by the 7.3 magnitude Chi-Chi Earthquake.   
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                                 (a)                                                                      (b) 
           
                                 (c)                                                                      (d) 
Figure 1.1 The severely damaged spillways Nos. 16, 17, and 18 of the Shih-Gang Dam 
caused by the Chi-Chi Earthquake 
(Photos by courtesy of Professor Aspasia Zerva) 
 
 
 
The safety assessment of dams to earthquake hazards requires particular attention 
because they are “long structures,” such as pipelines, tunnels, nuclear power plants and 
bridges, which extend over long distances parallel to the ground, and, hence, considerable 
differences in the amplitude and phase of seismic motions may occur over their base 
3 
 
dimensions. These differences are formally termed as spatial variation of seismic ground 
motions (Zerva 2009). Although the significance of spatially varying earthquake ground 
motions on the response of these extended structural systems has been widely recognized, 
its effect on the response of dams still requires further investigation (Zerva 2009). 
Typically the analysis of their dynamic response to earthquake loadings is performed 
under the assumption that the excitations along the dam-foundation interface are uniform. 
Rarely is non-uniform earthquake input considered in the evaluation procedure.  
 
In additional to the effect of the spatially variable excitations on the seismic response of 
dams, there are still a number of essential problems that have not been extensively 
examined and/or fully understood in the modeling of these massive structures, as, e.g. (i) 
the nonlinear mechanical behavior of the water, the concrete, and the rock; (ii) the 
interaction between the dam, the reservoir, and the foundation; (iii) the unbounded 
feature of the reservoir and foundation domain.  
 
To address these issues, this thesis presents a general framework and methodology for the 
rational seismic response evaluation of concrete gravity dams subjected to spatially 
varying earthquake ground motions.  
 
1.2. Aim and Scope 
 
The primary aim of this endeavor is to investigate the behavior of concrete gravity dams 
subjected to spatially varying earthquake ground motions. Accordingly, this study covers: 
(1) identification of  the key issues in the numerical modeling of concrete gravity dams; 
4 
 
(2) establishment of a general framework and methodology for the evaluation of the 
earthquake behavior of dams; (3) presentation of a mathematical formulation that 
encompasses geometry, material, and boundary nonlinearities; (4) development of 
analytical and computational models for the seismic analysis of dams; (5) implementation 
of different numerical techniques and comparison of the differences of their performance; 
(6) examination of the effect of nonuniform seismic excitations on the response of the 
dam using the developed computational models; (7) investigation of other important 
factors that influence the structural response; and (8) formation of guidelines for the 
analysis of these important infrastructures and for the incorporation of spatially variable 
earthquake ground motions in their response.  
 
1.3. Organization and Outline 
 
This thesis starts with the motivation background underlying this research. It is then 
followed by Chapter 2 with a review of the techniques, the advances, and the outstanding 
issues in the numerical modeling of dam-reservoir-foundation systems. Chapter 3 covers 
the mathematical formulation of the problem and a numerical procedure for solving it. 
Chapter 4 outlines the constitutive relationships that are utilized to represent the 
mechanical behavior of the concrete in the body of the dam, the water in the reservoir, 
and the rock in the foundation. Chapter 5 focuses on the modeling of the interaction 
between the dam, the reservoir, and the foundation. Chapter 6 conducts verification and 
validation of different aspects of the numerical model. Chapter 7 utilizes the numerical 
model to evaluate the influence of a number of important factors on the earthquake 
response of the Koyna Dam under both spatially uniform and nonuniform seismic 
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excitations. Chapter 8 summarizes major conclusions and broader impacts drawn from 
this investigation and makes recommendations for future research work.   
 
1.4. Significance and Contribution 
 
Although extensive studies have been conducted to address the many complicated issues 
present in dam-water-rock interaction problems such as the nonlinear behavior of 
concrete and rock; the interaction between the dam, the reservoir, and the foundation; the 
unbounded feature of the reservoir and foundation domain, and the spatial variation of 
earthquake ground motions, these studies have not fully considered all the 
aforementioned important aspects. Particularly, regarding the spatial variability effect of 
ground motions on the response of concrete gravity dams, there are only very limited 
studies on concrete gravity dams (see Section 2.1). The model in these studies was, 
however, fairly simple and linear. This is the first study to rigorously incorporate all these 
complicated issues in the dam-reservoir-foundation coupled system.  
 
A general framework was established for the nonlinear seismic response evaluation of 
concrete gravity dams. The framework consists of a nonlinear numerical formulation for 
the dam-reservoir-foundation system, modeling of the many complex mechanisms in the 
system, examination of the appropriate location of the seismic excitation in the numerical 
model, and a comprehensive evaluation procedure for investigating the earthquake 
behavior of concrete gravity dams.  
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A nonlinear numerical formulation for earthquake analysis of concrete gravity dams 
including material, geometry, and boundary nonlinearities is presented. An advanced 
nonlinear finite element model is created and validated. The significance of the spatial 
variability effect of earthquake ground motions on the response of concrete gravity dams 
is addressed.  
 
The approach is applied to the investigation of the nonlinear response of the Koyna Dam. 
Functional forms for uniaxial compressive stress-strain curve and unixial compression 
damage variable-strain curve as well as expressions for uniaxial tensile stress-strain 
relationship and unixial tension damage variable-strain relationship were derived. The 
earthquake damage behavior of the Koyna Dam has been well reproduced in this study 
using the developed material parameters. The resulting cracking trajectory of the 
numerical model gives a good prediction of the fracture zone of the dam, which is found 
to be consistent with the actual structure as well as relevant analytical and experimental 
studies. 
 
The natural frequencies of a reservoir with a finite rectangular dimension were 
analytically derived for the first time. The derived analytical results were found to be in 
excellent agreement with the computed results predicted by the numerical model. The 
exact solutions inventively point out that the length of the reservoir has a significant 
influence on the natural frequencies of the reservoir. This influence vanishes as the length 
tends to infinity. It is only when the reservoir becomes unbounded that the values of the 
natural frequencies are solely controlled by the depth of water in the reservoir, which has 
not been reported before.  
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The multi-transmitting formula (MTF) (Liao et al. 1984) was coded in the User 
Subroutine DISP (Abaqus 2007). The formula was compared with the Lysmer and 
Kuhlemeyer’s viscous boundary (Lysmer and Kuhlemeyer 1969) that has been 
extensively utilized in soil-structure interaction problems. The comparison demonstrates 
that the multi-transmitting boundary condition is highly competent in transmitting 
seismic waves and is worth recommending for use in earthquake analysis of concrete 
gravity dams.  
 
Darbre’s two-parameter model (1998) was programmed in the User Subroutine UEL 
(Abaqus 2007). It is shown that this model tends to underestimate the structural response 
due to the considerable amount of energy dissipation by the use of dampers in the model.  
 
The research work disclosed in this study will help to foster a better understanding of the 
systematic modeling of material, interface, and other complex behaviors in a multiphase 
system, the propagation mechanism of spatially variable seismic waves at the actual dam 
site, and the earthquake response of concrete gravity dams subjected to nonuniform 
seismic input motions, which eventually leads to the improvements in the design 
procedures.   
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2. CHAPTER 2: LITERATURE REVIEW 
 
Chapter 2 presents a state-of-the-art review of the studies in the literature on concrete 
gravity dams. The chapter is composed of two sections. Section 2.1 reviews the limited 
studies on the spatial variability effect of earthquake ground motions on the response of 
dams. Section 2.2 focuses on the reviews on the numerical modeling of the dam-
reservoir-foundation system. 
 
2.1. Effect of Spatial Variation of Earthquake Ground Motions on Dam Response 
 
The term “spatial variation of seismic ground motions” denotes the differences in the 
amplitude and phase of seismic motions recorded over extended areas (Zerva 2009). The 
spatial variation of the seismic ground motions can result from the relative surface-fault 
motion for sites located on either side of a causative fault, soil liquefaction, landslides, 
and from the general transmission of the waves from the source through the different 
earth strata to the ground surface. The current study concentrates on the latter cause for 
the spatial variation of surface ground motions, which is attributed to the following three 
causes (Zerva 2009): 
 
(1) Variability in the motions over extended areas due to variable site conditions (local 
site effect) – Seismic waves are amplified differently as they propagate through different 
ground types, and, hence, different response spectra describe the site amplification 
depending on the ground classification. This variability affects, e.g. the response of a 
bridge, for which the abutments are supported on “firm” ground and the piers at “softer” 
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soil. Since, however, concrete gravity dams are, generally, founded in their entirety at 
rock sites, this effect will not be considered further. 
 
(2) Time delays in the arrival of the waveforms at distant locations (wave passage effect) 
– The wave passage effect considers that motions propagate on the ground surface 
without any change in their shape and contributes to (deterministic) phase differences in 
the motions at the various locations. 
 
(3) Loss of coherency in the seismic motions as frequency and distance between stations 
increase (loss of coherency or the incoherence effect) – Seismic ground motions 
experiencing loss of coherency change in shape as they propagate on the ground surface. 
Coherency describes the random phase variability in the time series at two recording 
stations in addition to the phase delay caused by wave propagation (Abrahamson 1993; 
Zerva 2009). It is a purely stochastic descriptor, indicating the loss of correlation in the 
seismic motions as the frequency of the excitation and the distance between recording 
stations increase. There is a multitude of spatial coherency expressions (models) in the 
literature (for an extensive review see, e.g. (Zerva 2009)); all of them involve functional 
forms that decay with frequency and separation distance. 
 
2.1.1. Earth and Rockfill Dams 
 
Chen and Harichandran (2001) investigated the stochastic response of the Santa Felicia 
earth dam subjected to spatially varying earthquake ground motions characterized by 
wave propagation and incoherence effects. A 3D linear finite element model was utilized 
to represent the dam. The underlying bedrock was considered be rigid, and the nodes at 
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the boundary surface between the dam and the valley were assumed to be completely 
restrained. Various forms for the spatial incoherence of the motions were utilized. The 
investigation suggested that the higher the loss of coherency, the more significant the 
increase of the maximum shear stress in the stiff gravel of the stream bed. For the 
displacement and maximum shear strain response, and for maximum shear stresses within 
the core of the dam, uniform ground motions yielded slightly conservative results. 
Haroun and Abdel-Hafiz (1987) analyzed the effect of differential ground motions on the 
linear response of an earth dam, modeled as two dimensional, wedge-shaped shear beam, 
by means of the finite element method. The canyon was assumed to be rigid, dam-canyon 
interaction was not considered, and the earthquake excitation was prescribed at the dam 
base. It was found that the dam response can be sensitive to the assumed form of the 
spatial variation of the excitation along its base, and that the uniform ground motion is 
conservative except for certain cases, for which the spatially nonuniform ground motion 
significantly excites the fundamental modes of the dam. Dakulas (1993) and Dakulas and 
Hashmi (1992) derived analytical solutions for the steady-state lateral response of earth 
and rockfill dams subjected to obliquely incident harmonic SH-waves in semi-cylindrical 
and rectangular canyons. The dams were idealized as 2D linearly hysteretic shear beams 
with a triangular cross-section, and the canyons as linearly elastic hysteretic rock media. 
The studies reported that the flexibility of the canyon rock can have a significant effect 
on the response of the dam, with the assumption of a rigid base yielding an overly (by 2-3 
times) conservative response. The results further indicated that, for semi-cylindrical 
canyons, as the angle of incidence of the waves increases, the amplitude of the response 
increases substantially, and, for rectangular canyons, the response of the dam depends on 
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the interference of waves transmitted through the base and the vertical abutments leading 
to a maximum response for angles of incidence between 30º and 35º. 
 
2.1.2. Concrete Gravity Dams 
 
In a series of papers, Bayraktar et al. (1998, 1996, 2009) analyzed the spatial variability 
effect on the response of the Sariyar concrete gravity dam, located 120 km northwest of 
Ankara, Turkey. In these studies, plane strain conditions were considered in the 2D finite 
element modeling of the dam-reservoir-foundation system. The dam and the foundation 
were assumed to be linear elastic. The infinite foundation and reservoir domains were 
truncated to a finite domain, and the seismic excitations were applied at the foundation 
bottom base; radiation damping was neglected. The fluid in the reservoir was governed 
by the Lagrangian displacement-based formulation, which also permitted sloshing. The 
results indicated that the mean maximum displacements and stresses induced by the 
nonuniform input excitation were larger than those of the uniform motion, whereas the 
opposite occurred for the hydrodynamic pressure. The analyses further concluded that 
spatially varying earthquake ground motions have a significant impact on the stochastic 
response of dam-reservoir-foundation systems.  
 
2.1.3. Arch Dams 
 
Nowak and Hall (1990) analyzed the response of the Pacoima Dam to nonuniform 
seismic excitations. The dam, the foundation, and the reservoir were discretized by finite 
elements. The dam-foundation interaction effect was incorporated into the model via the 
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foundation stiffness. The dam-reservoir interaction was considered, the reservoir-
foundation interaction was approximated by a partially absorbing boundary, and a 
transmitting boundary was used to represent the infinite reservoir. The analysis involved 
the superposition of two problems: In the first problem, a 2D boundary element approach 
was utilized to obtain the free-field response of the canyon. In the second problem, the 
dam-reservoir-foundation system, represented by finite elements, was subjected to the 
free-field motions developed in the first problem. The analysis suggested that the 
consideration of nonuniformity in the stream component of the excitation reduces the 
dam response, and the effect of nonuniformity in the cross-stream and vertical 
components varies, with the potential for a significant increase. Shortly thereafter, Kojic 
and Trifunak (1991a, 1991b) presented the linear response evaluation of an idealized arch 
dam to incident transient P-, SV-, SH-, and Rayleigh waves. Instead of using the 
boundary element method of the previous study, this analysis considered the exact wave 
propagation solutions for the infinite canyon. The dam was modeled as an elastic 
continuum by finite elements and the dam-reservoir interaction was approximated by 
Westergaard’s added mass technique for incompressible water (1933). The evaluation 
indicated that the response of the dam was highly dependent on the type and incident 
angle of the impinging waves, that different stress distributions resulted in the body of the 
dam when the seismic excitation was uniform or nonuniform, and that the quasi-static 
contribution of the nonuniform excitation to the dam’s response can be significant. 
Maeso et al. (2002) conducted a 3D seismic response analysis of the Morrow Point Dam 
by means of the boundary element method, which rigorously satisfies the radiation 
conditions at infinity of the foundation and reservoir domains. The dam and the 
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foundation were treated as viscoelastic solids and the water in the reservoir as an inviscid 
compressible fluid. The interaction effects between the dam, the reservoir and the 
foundation were also taken into account by enforcing equilibrium and compatibility 
conditions at the interfaces. The analysis considered P-, SV-, SH-, and Rayleigh waves 
impinging the site at different angles. The results indicated that the amplification of the 
response at the dam crest is sensitive to the angle of incidence of the waves especially in 
the vicinity of the system’s fundamental frequency. Alves and Hall (2006a, 200b) 
performed a 3D finite element analysis of the effects of uniform and nonuniform seismic 
excitations on the response of the Pacoima Dam, the numerical model of which was 
calibrated with recorded data. The smeared crack approach was utilized to model the 
concrete in the body of the dam. The seismic excitations were motions inferred from 
seismic data partially recorded at the dam during the Northridge earthquake and were 
applied at the dam-foundation interface. The analysis concluded that, whereas the 
uniform excitation yielded an overall higher response in the central part of the dam, the 
response pattern due to uniform and spatially variable excitations was significantly 
different. The quasi-static response induced only by the nonuniform excitation led to a 
higher stress distribution and joint opening at the abutment and the downstream face of 
the dam. Very recently, Chopra and Wang (Chopra and Wang 2010; Wang and Chopra 
2010) studied the earthquake response of arch dams to spatially varying ground motions. 
The dam-reservoir-foundation system was modeled using substructuring techniques. The 
dam-foundation interaction was taken into consideration by treating the canyon as a 
homogeneous viscoelastic half-space with a uniform cross section. However, the effect of 
foundation-reservoir interaction was considered to be small and thus neglected in their 
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model. The model was applied to perform linear earthquake response analysis of the 
Mauvoisin Dam and the Pacoima Dam using the excitations generated from the motions 
recorded at the dam sites. Their investigation indicated that the impact of the spatial 
variability of earthquake ground motions on the dam behavior could be profound, which 
they related to the extent of the variation of these seismic motions along the dam-
foundation interface and the earthquake source parameters such as the epicenter and the 
focal depth. 
 
2.2. Modeling of the Dam-Reservoir-Foundation System 
 
2.2.1. Constitutive Modeling of the Dam Concrete 
 
The concrete in the body of the dam exhibits complicated nonlinear mechanical behavior 
under dynamic loadings conditions. During severe earthquake events, these unreinforced 
concrete masses are likely to undergo cracking due to the concrete’s low tensile strength. 
Over the last two decades, considerable research has been invested in the development of 
numerical techniques for the nonlinear fracture analysis of concrete, which can be 
essentially grouped into two categories, i.e. the fracture mechanics based approach and 
the continuum damage mechanics based approach. Extensive reviews of these numerical 
techniques are provided in the work by R. de Borst (2002); Oliver et al. (2002); Bazant 
(2002); Bhattacharjee and Leger (1992); and ASCE (1982). A brief summary of these 
available techniques is given in the following.  
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Continuum damage mechanics has provided an elegant way of simulating crack 
formation and propagation by way of stiffness degradation and recovery. The 
applications of the continuum damage mechanics based approach to analyze the 
earthquake response of dams include those by Ghrib and Tinawi (1995), Valliappan et. al 
(1999), Cervera et al. (1995, 1996), and Lee and Fenves (1998a). In the fracture 
mechanics approach, a typical concrete cracking model is generally composed of three 
components, i.e. a condition for determining the onset of crack initiation, a method for 
crack representation, and a criterion for crack propagation. The crack initiation and 
propagation criteria can be based either on strength of material or on theory of fracture 
mechanics (Bhattacharjee and Leger 1991). Typical strength-of-material-based crack 
initiation and propagation criteria include the maximum principal stress criteria and the 
maximum principal strain criteria, which assumes that a crack will be initiated when the 
computed maximum principal stress or strain at the crack-tip exceeds the strength of the 
material. Once the material at the crack-tip reaches its strength limit, the stresses on the 
fracture surface are assumed to be suddenly released (Bhattacharjee and Leger 1991). On 
the other hand, fracture-mechanics-based crack initiation and propagation criteria can be 
generally divided into two groups, i.e. linear elastic fracture mechanics criteria (e.g. stress 
intensity factor approach) and nonlinear fracture mechanics criteria (e.g. energy 
principle). For example, according to linear elastic fracture mechanics criteria, once the 
stress intensity factors and the material fracture toughness (also called critical stress 
intensity factor) have been determined, a functional relationship between them can be 
formed and applied for crack propagation (Bhattacharjee and Leger 1991). Linear elastic 
fracture mechanics allows the stress to approach infinity at the crack tip. However, since 
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infinite stress cannot exist in real materials, a certain range of plastic zone should develop 
at the crack tip. In concrete, this plastic zone is termed as fracture process zone and 
dominated by complex mechanisms (Bazant and Planas 1997; Bhattacharjee and Leger 
1991; Shah et al. 1995; van Mier 1997). The fracture behavior of concrete is greatly 
influenced by this fracture process zone and should be described by nonlinear fracture 
mechanics criteria. The most referenced model that has been proposed to characterize the 
Mode I nonlinear fracture propagation in the fracture process zone of concrete is the 
fictitious crack model developed by Hillerborg et al. (1976). According to their model, 
the fracture process zone is represented by a fictitious crack lying ahead of the real crack 
tip. The behavior of concrete in the fracture is described by a diminishing stress versus 
crack opening displacement. As a result, the energy dissipation for crack propagation can 
be completely characterized by the stress-displacement relationship. The area under 
stress-displacement curve is commonly referred to as the fracture energy. 
 
Crack representation deals with spatially representing the cracks in the finite element 
model. Commonly, representation of the cracks in numerical models is achieved by the 
smeared crack approach (e.g. Mirzabozorg and Ghaemian 2005) and the discrete crack 
approach (e.g. Skrikerud and Bachmann 1986). The discrete crack method has the 
potential of determining accurately the geometry of each crack, but its principal 
disadvantage is the difficulty and high computational cost due to the continuous change 
of the finite element topology during the analysis. On the other hand, for the smeared 
crack approach, only the constitutive relationship is updated with the propagation of 
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cracks, and the finite element mesh is kept unchanged; a disadvantage of the approach, 
however, is that it can be mesh-dependent.  
 
2.2.2. Constitutive Modeling of the Foundation Rock 
 
In the seismic evaluation of concrete gravity dams, the foundation rock is typically 
treated as a continuous viscoelastic half space (USSD 2008). However, rock masses are 
naturally discontinuous, inhomogeneous, anistropic, inelastic, and fractured porous media. 
Traditionally, nonlinear fractured rock masses are treated as equivalent elastoplastic 
continua described by yielding criteria such as the Mohr-Coulomb model, the Drucker-
Prager model, and the Hoek-Brown model (Hoek, 1983; Hoek and Brown 1982; Hoek 
and Brown 1982, 1997). Recently, the constitutive models of rocks are more rigorously 
accounted for by contact mechanics, fracture mechanics, and damage mechanics 
principles, as presented in the comprehensive review of methods, developments, state-of-
the-art, and outstanding problems for numerical modeling of rock fractures and rock 
masses by Jing (2003). 
 
2.2.3. Constitutive Modeling of the Reservoir Water 
 
A commonly utilized approach to include the hydrodynamic pressure effect resulting 
from the reservoir water is the added mass technique that was proposed by Westergaard 
(1933). The added mass model was later modified by Darbre (1998) with the 
incorporation of damping to the added-mass effect, in which incompressible water 
masses are attached in series to the dam through viscous dampers. A more rigorous 
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approach for the constitutive modeling of the reservoir water is the use of the finite 
element method (FEM) or boundary element method (BEM) based on either a pressure-
based formulation or a displacement-based formulation. In these formulations, the fluid 
models are typically assumed to be linear. However, under severe earthquake ground 
motions, the mechanical behavior of the water in the reservoir may become nonlinear due 
to the occurrence of cavitation. To date, there are only very limited studies that have 
considered the cavitation effect, among which are the investigations conducted by El-
Aidi and Hall (1989), Clough et al. (1984), Zhao et al. (1992), and Zienkiewicz et al. 
(1983).  
 
2.2.4. Modeling of the Unbounded Foundation Domain 
 
For the unbounded foundation medium, the radiation condition requires that the waves 
travelling in the direction away from the structure towards infinity are out-going and not 
reflected back. Over the years, a great diversity of numerical schemes has been developed 
for modeling infinite domains. In the early 1960s, the unbounded or infinite medium was 
approximated by extending the finite element mesh to a far distance, where the influence 
of the surrounding medium on the region of interest is considered small enough to be 
neglected. This simple method played a role when advanced techniques felt short. Later 
the infinite element method (Astley 2000; Bettess and Bettess, 1991a, 1991b) was 
developed for treating infinite domains. However, the infinite element method is 
criticized for its appropriateness on its application to transient problems (Bettess and 
Bettess, 1991a, 1991b). An alternative to the problem is to truncate the infinite domains 
and apply an artificial boundary condition (ABC) on the edge of the truncated finite 
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region. The ABCs in the literature can be generally grouped into two categories, i.e. 
nonlocal ABCs (such as the boundary element formulation) (Wolf and Song 1996) and 
local ABCs (Bayliss et la. 1982; Clayton and Engquist 1977; Engquist and Majda 1977; 
Higdon 1986, 1987, 1992; Lysmer and Kuhlemeyer 1969; Majda and Engquist 1979; 
Wolf and Song 1995). Other noteworthy techniques for modeling infinite domains 
include perfectly matched layer (Berenger 1994), filtering and damping scheme (Givoli 
1992), and damping solvent extraction method (Wolf and Song 1996).  
 
2.2.5. Modeling of the Unbounded Reservoir Domain 
 
Similar to the infinite foundation domain, the semi-unbounded size of the reservoir also 
needs to be appropriately treated. A plethora of numerical techniques have been proposed 
to deal with this semi-unbounded problem. Many of these techniques involve utilizing 
artificial boundary conditions or the boundary element approach. For example, Saini et al. 
(1978) investigated coupled hydrodynamic response of concrete gravity dams using finite 
and infinite elements. Tsai and Lee (1989) presented an explicit time-domain transmitting 
boundary for the analysis of dam-reservoir interactions. Li et al (1996) performed finite 
element analyses of dam-reservoir systems where an effective and accurate far-boundary 
condition is used to model reservoirs with infinite extension. Maity (2003) analyzed a 
dam-reservoir system using a novel far-boundary condition to model an infinite fluid 
domain to a finite one. Aviles and Li (1998) proposed a BEM which avoids constructing 
the fundamental solution to analyze hydrodynamic pressures on dams with sloping face 
considering compressibility and viscosity of water. Recently, significant contributions to 
the understanding of the 3-D effects on the hydrodynamic dam response have been made 
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by using 3-D BEM model. Fahjan et al (2003) developed a 3-D dual reciprocity boundary 
element method model to determine the hydrodynamic pressure distribution in a three 
dimensional dam-reservoir system subjected to earthquake excitation. Millan et al (2007) 
utilized 3-D BEM model to investigate the influence of the reservoir geometry on the 
hydrodynamic dam response. 
 
2.2.6. Modeling of the Dam-Foundation Interaction 
 
During earthquakes, crack opening and sliding may occur at the dam-foundation interface, 
causing instability of the dam. The crack opening at this interface can allow for water to 
seep through the interface crack and exert uplift pressure, which may further weaken the 
structure, as discussed in Section 2.2.8. Traditionally, in the seismic safety evaluation of 
dams, these transient nonlinear interaction phenomena occurred at the dam-foundation 
interface are either oversimplified or ignored. In recent years, this nonlinear interaction 
problem has been tackled based on disciplines such as fracture mechanics and contact 
mechanics. The fracture mechanics-based approach was applied by Kishen and Saouma 
(2004), Slowik (1998a, 1998b), and Sujatha and Kishen (2003). This approach involves 
solving a mixed mode cracking problem of interface fracture between dissimilar 
materials (Hutchinson and Suo, 1992). The problem becomes even more complicated 
when it comes to dynamic crack propagation as in a seismic event. On the other hand, the 
contact mechanics-based approach treats the dam and foundation as two contacting 
deformable bodies (e.g. Tekie and Ellingwood 2003), which is able to incessantly detect 
the relative movements between the two targets under both static and dynamic loading 
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conditions. This approach provides an efficient and rational way of including the 
dynamic nonlinear dam-foundation interaction effect.   
 
2.2.7. Modeling of the Fluid-Solid Interaction 
 
The dam-reservoir-foundation dynamic interaction problem has been extensively studied 
using the finite element method. For example, Fenves and Chopra (1984, 1983, 1985a, 
1985b), and Humar and Xia (1993), have conducted studies of two-dimensional dam-
soil-reservoir systems in the frequency domain. Tassoulas and Kausel (1983) and Lotfi et 
al (1987) have developed special hyperelement techniques for frequency domain analysis 
of infinite layered soil and fluid media. The hyperelement formulation was also adopted 
by Lin and Tassoulas (1987), and Bougacha and Tassoulas (1991a, 1991b, 1991c) to 
study the effects of sediments on the response of 2-D and 3-D models in the frequency 
domain. Time domain FEM solutions have been reported by Tsai and Lee (1990) for 3-D 
nonlinear applications along with a semi-analytical formulation that models the far field 
in the reservoir. Kucukaraslan (2004a) conducted a linear transient analysis of dam-
reservoir interaction including the reservoir bottom effects. For arch dams, Fok and 
Chopra (1986a, 1986b, 1986c, 1987) have analyzed dam-foundation-reservoir systems 
using a 3-D FEM model that includes the compressibility of the water, the foundation 
rock flexibility, and the dynamic interaction effects.  
 
Boundary element analysis of dam-reservoir-foundation systems has also been reported 
in the literature due to its inherent advantages over FEM: (i) it satisfies the radiation 
condition exactly; (ii) in the absence of domain sources and nonlinearities, only the 
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boundary of the computational domain needs discretization. For example, Antes and Von 
Estorff (1987), Dominguez and Medina (1989), Medina and Dominguez (1989), and 
Medina et al (1990) used BEM to model in 2-D the gravity dam, the reservoir, and the 
soil and presented solutions in the frequency domain. Dominguez and Maeso (1993), and 
Maeso and Dogminguez (1993), developed a 3-D model for frequency domain analysis 
that represents the interaction among the soil, the arch dam, and the reservoir, and 
incorporated the actual topography and characteristics of the multi-phase system.  
 
The coupled FEM-BEM formulations for dam-reservoir-foundation applications have 
gained popularity recently as the coupling of the two methods combines the merits of 
both methods and allows for a rigorous modeling of dam-reservoir-foundation systems. 
For concrete gravity dams, the FEM-BEM formulations for dam-reservoir-foundation 
systems include those by Tsai et al (1992), Chandrashaker and Humar (1993), Von 
Estorff and Antes (1991), Touhei and Ohmachi (1993), Guan et al (1994), Wepf et al 
(1993), and Kucukarslan (2004b).  
 
2.2.8. Modeling of the Uplift 
 
Uplift is the result of interstitial water, which carries a portion of the normal compressive 
loads applied on mass concrete in dams and their foundations (NRC 1990). The uplift 
pressures within a dam, on the foundation below its base, and at the interface between the 
dam and the foundation have been considered in the analysis of concrete gravity dams by 
a number of federal agencies and researchers. For instance, Federal agencies such as U.S. 
Bureau of Reclamation (1976), Federal Energy Regulatory Commission (2002), U.S. 
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Army Corps of Engineers (1995), have all published engineering guidelines for the 
determination of uplift pressure in the safety evaluation of dams. Under static loading 
conditions, a number of researchers have used the finite element method to investigate 
the uplift pressure. Lund and Boggs (1991) evaluated the behavior of a gravity arch dam 
when subjected to normal static loads and uplift using the finite element method. The 
analyses show that the stresses within the gravity arch dam are significantly influenced 
by the application of uplift pressures. The most substantial increases are in the upper arch 
compressive stresses. Dewey et al. (1994) performed finite element fracture mechanics 
analyses to evaluate the effect of different uplift models on the response of concrete 
gravity dams. Ellingwood and Tekie (2001) carried out finite element analyses to 
determine the uplift pressure distribution at the concrete-rock interface for fragility 
analysis of concrete gravity dams. 
 
For seismic loading conditions, where a dam oscillates rapidly, there are only a few 
experimental and theoretical studies that consider the transient uplift pressure along the 
cracks of concrete dams during earthquakes (e.g. Javanmardi et al. 2005; Ohmachi et al. 
1998; Tinawi and Guizani 1994). Among these studies, a noteworthy work is the 
analytical approach presented by Javanmardi et al. (2005) for addressing the uplift 
problem in dams with pre-existing cracks and cracks formed during the seismic excitation. 
The approach permits the presence of cavitation in the cracks and is based on the 
following assumptions: the crack walls (dam and foundation) are impermeable; the water 
flow is one-dimensional along the crack length; there is no significant water flow in the 
unsaturated part of the crack; the water vapor pressure is equal to zero; the pressure 
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gradient for laminar and turbulent flow in the saturated part of the crack is based on 
expressions derived for groundwater flow in jointed rock masses.    
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3. CHAPTER 3: NUMERICAL FORMULATION 
 
Chapter 3 covers numerical formulation for the dam-reservoir-sediment-foundation 
system. A mathematical description of the system is first introduced. Next, the governing 
equations and the boundary conditions for the solid and fluid domains are defined. The 
weak form for the fluid-solid coupled system is then derived and discretized by standard 
finite element procedure. In the end, the solution strategy for the discrete dynamic 
equilibrium equation is discussed.  
 
3.1. Basic Description of the Dam-Reservoir-Sediment-Foundation System 
 
The system to be analyzed, as illustrated in Figure 3.1, is a concrete gravity dam which 
impounds a reservoir extending to infinity in the upstream direction and rests on a semi-
infinite foundation. It is also considered that sediments have formed at the bottom of the 
reservoir.  
 
 
 
Figure 3.1 Schematic diagram of the dam-reservoir-sediment-foundation system 
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A graphical representation of the notation for the system is depicted in Figure 3.2. As 
shown in Figure 3.2, the reservoir occupies a spacial fluid domain r , in which the 
superscript r  of the form  r denotes the reservoir fluid. The dam and the foundation 
constitute a spacial solid domain s , in which the superscript s  of the form  s denotes 
solid. The solid domain can be decomposed into the dam sub-domain 1
s  and the 
foundation sub-domain 2
s , in which the subscript i  of the form   ,  1, 2si i   is used to 
denote either the dam or the foundation.  
 
 
 
 
Figure 3.2 Basic notation for the dam-reservoir-sediment-foundation system 
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The boundary of each domain is classified such that:  
For the reservoir:  
 rs rt rf rd r         (3.1)
in which rs , rt , rf , and rd  denotes the reservoir’s surface, the reservoir’s truncated 
boundary, the reservoir-foundation interface, and the reservoir-dam interface respectively.  
For the dam:  
 1
rd c df s       (3.2)
in which c , and df  denotes the dam-foundation interface and the dam’s free traction 
surface respectively.  
For the foundation: 
 2
ft fsb s     (3.3)
in which ft , and fsb  denotes the foundation’s top boundary and the foundation’s side-
and-bottom boundary respectively.  
 
3.2. Modeling of the Fluid Domain and its Boundaries 
 
The differential equation for small motions of an inviscid compressible fluid in the linear 
range is expressed as: 
 2
1 1 0r rp pB     (3.4)
in which p  is the hydrodynamic pressure in excess of the hydrostatic one; rB  is the bulk 
modulus of the fluid in the reservoir; r  is the density of the fluid; overdot denotes time 
differentiation; and 2  is the Laplacian operator. 
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The following boundary conditions at the interfaces of the fluid domain are then defined: 
(i) At the free surface of the reservoir ( rs ), neglecting the effects of surface waves yields 
the boundary condition: 
 0p  (3.5)
(ii) At the truncated boundary of the infinite reservoir ( rt ), Sandler’s nonreflecting 
boundary (Sandler 1998) is applied: 
 
1 cos
r r r r
p p
B

 
   n  (3.6)
where rn
 
is the unit outward normal to the fluid; and   is the angle of incidence of the 
plane waves at the boundary.  
(iii) At the dam-reservoir interface ( rd ), the compatibility condition between the fluid 
and solid domains leads to (e.g. Ihlenburg 1998; Rizos and Karabalis 2000; Tsai et al. 
1990): 
 1
1 r s
r r
p

    n un  (3.7)
where 1
su  is the acceleration of the dam. 
(iv) At the foundation-reservoir interface ( rf ), the reservoir bottom material is 
represented by the following impedance condition (Fenves and Chopra 1984): 
 
 
 2
11 1
1
r
s r
r r rr r
p p
B

 
      u nn  (3.8)
where 2
su  is the acceleration of the foundation and r  the wave reflection coefficient of 
the reservoir sediment.  
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3.3. Modeling of the Solid Domain and its Boundaries 
 
For the solid domain, the differential equation governing the motions of the dam and the 
foundation in the indicial notation is described by (e.g. Achenbach 1987; Graff 1991): 
 ,( ) ( ) ( )
s s s s
i kj j i k i i kf u     (3.9)
where subscripts 1i   or 2  indicate whether the equation refers to the dam or the 
foundation, superscript s  denotes solid, , 1,  2,  3k j   indicate that direction, indicial 
notation has been utilized over j , ,( )
s
i kj j  is the Cauchy stress, ( )si kf the body force, si  
the density, and ( )si ku  the acceleration.  
At the boundaries of the solid domains, the surface tractions sit , in which subscripts 1i   
and 2i   apply to the dam and the foundation respectively and superscript s  represents 
solid, obey the following constraints: 
(i) On the fluid-solid interface ( rs rd rf    ): (e.g. Bower 2010; Howe 1998) 
 s si ipt n  (3.10)
where p is the fluid pressure, and sin  are the unit outward normal to the solid. 
(ii) On the dam-foundation contact interface ( c ): 
 s ci it t  (3.11)
where cit  are the surface tractions resulting from the contact between the dam and the 
foundation (Chapter 5). 
(iii) On the foundation-reservoir interface ( rf ): 
 2
s sa
i t t  (3.12)
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where 2
sat  is the surface traction imposed by reservoir sediment absorption (Chapter 5).  
(iv) On the top surface boundary of the foundation domain ( ft ): 
 2
s eq
i t t  (3.13)
where 2
eqt  is the surface traction exerted by earthquake excitations (Chapter 7).  
(v) On the side and bottom boundaries of the foundation domain ( fsb ): 
 2
s f
i t t  (3.14)
where 2
ft  is the surface traction applied to simulate the far field of the foundation, e.g. 
infinite elements or absorbing boundaries (Chapter 6). 
 
3.4. Coupling of the Solid and Fluid Domain 
 
3.4.1. Weak Form of the Coupled System 
 
The weak form for the reservoir domain is established by integrating Equation (3.4) by 
parts over domain r , introducing the boundary conditions defined in Equations (3.5)-
(3.8) to the domain integral, and performing mathematical manipulations as (e.g. 
Zienkiewicz  and Taylor 2000): 
 
   
 
      
1
2
1 1
cos
1 1 1 0
r r
r r
r r r s
rt rd
r s r r r r
rf
p pdV p B pdV
p B pdA p dA
p B p dA
  
   
   
 
 

    
  
        
 
 



 
n u
n u
 
(3.15)
where     denotes the gradient of a scalar field (Wriggers 2002).  
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The weak form for the dam domain is achieved by the principle of virtual work as (e.g. 
Belytschko et al. 2000; Laursen 2002; Wriggers 2002; Zhong 1993): 
 
   
 
1 1 1
1 1
1 1 1 1 1 1
1
:   
  0
s s s
s s
s s s s s c
s rd c
grad dV dV
dA p dA dA
  
  
 
  
 
      
 
  
s s1 1σ u u u
u f u n u t
 
(3.16)
where ( )grad  denotes the gradient of a vector field (Wriggers 2002) and :  indicates 
double contraction.  
Similarly, the weak form for the foundation domain is conceived as (e.g. Belytschko et al. 
2000; Laursen 2002; Wriggers 2002; Zhong 1993): 
 
   
 
2 2
2 2
2 2 2 2 2 2
2
2 2 2 2 2 2
:   
   
   0
s s
s s
s s s c s s
s c rf
s sa s eq s f
rf ff fsb
grad dV dV
dA dA p dA
dA dA dA
  
  
  
 
  
  
 
     
      
 
  
  
s s s2 2 2σ u u u
u f u t u n
u t u t u t
 
(3.17)
 
3.4.2. Finite Element Discretization of the Coupled System 
 
Equations (3.15)-(3.17) can be discretized by introducing interpolation functions into the 
reservoir, the dam, and the foundation domain, i.e. (e.g. Belytschko et al. 2000; 
Zienkiewicz  and Taylor 2000; Wriggers 2002; Zhong 1993)  
    
1
n a ar
a
p N p

   r= N p  (3.18)
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    1 1
1
an as s
a
N u

 s s s1 1 1u = N u  (3.19)
    2 2
1
an as s
a
N u

 s s s2 2 2u = N u  (3.20)
where rN , 1
sN ,and 2
sN  are shape functions for the reservoir, the dam, and the foundation 
domain respectively; p , s1u , and s2u  are nodal variables for the reservoir pressure field, 
the dam displacement field, and the foundation displacement field respectively.  
Substituting Equations (3.18)-(3.20) and into Equations (3.15)-(3.17) and following 
standard finite element discretization procedure, the discrete equation of motion for the 
reservoir is obtained as: 
        r r r s srs1 1 rs2 2M p + C p + K p + H u + H u = 0  (3.21)
where  
  1 Trr dVB r r rM N N  (3.22)
  1 Trr dV  r r rK N N  (3.23)
       
1-cos 1
1
r
T T
rr r r rrt rf
dA dA
B B

  
   r r r r rC N N N N  (3.24)
  T
rd
dA

  r r srs1 1H N n N  (3.25)
   2T
rf
dA

  r r srs2H N n N  (3.26)
In a similar way, the discrete equation of motion for the dam can be acquired as: 
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    - 0 s s s s1 1 1 1int extM u F F  (3.27)
where 
  
1
T
s
dV

 s s s1 1 1M N N  (3.28)
    
1
T
s
dV
x
  s1s s1 1int NF σ  (3.29)
      
1 1
T T
s c
dV dA
 
    s s s s c T1 1 1 1 1 rs1extF N f N t H p  (3.30)
Analogously, the discrete equation of motion for the foundation is expressed as: 
    2 2 2 2- 0 s s s sint extM u F F  (3.31)
where 
  2
2
T
s
s
dV

 s s s2 2 2M N N  (3.32)
    2
2
T
s
dV
x
  ss s2 2int NF σ  (3.33)
 
     
     
2
            
T T
s c
T T T
rf ff fsb
dA dA
dA dA dA
 
  
  
  
 
  
s s s s c T2 2 2 2 2 rs2ext
s sa s eq s f
2 2 2 2 2 2
F N f N t H p
N t N t N t
 
(3.34)
Combining Equations (3.21), (3.27), and (3.31) leads to the discrete equation of motion 
for the coupled system in the matrix form: 
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            0         0 0               0 - 0
 -
                                         


  
s s
s s 1 1int ext1 1
s s s s
2 2 2 2int extr r rrs1 rs2
F FM u
M u F F
pH     H    M K p C p
 
(3.35)
In Equation (3.35), if the dam and the foundation are united into the solid domain, 
Equation (3.35) can also be rewritten in the fluid-solid form as:  
        0 - 0
 -
s ss s                            

  
int extr r rrs
F FM u
H   M p K p C p
 
(3.36)
where 
     0  0       
s         
s
1
s
2
MM
M
 
(3.37)
    rs rs1 rs2H H     H  (3.38)
       
 
s
s 1
s
2
uu
u
 
(3.39)
     s
      
s
1 int
sint 2 int
F
F
F
 
(3.40)
     s
      
s
1 ext
sext 2 ext
F
F
F
 
(3.41)
Generally, Equation (3.35) may be recast in the following equation: 
      [ ] 0  int extM Q F F  (3.42)
where 
 
      0         0
[ ]  0               0
      
s
1
s
2
r
rs1 rs2
M
M M
H     H    M
 
(3.43)
35 
 
         
s
1
s
2
u
Q u
p

 

 
(3.44)
  
  
 
        
s
1 int
s
int 2 int
f
F
F F
K p
 
(3.45)
  
  
-
        
s
1 ext
s
ext 2 ext
f
F
F F
C p
 
(3.46)
 
3.5. Solution Strategy for the Discretized Coupled Equation 
 
Particular attention is given to the solution of the discretized coupled dynamic 
equilibrium equation, i.e. Equation (3.42), the key of which requires a time stepping 
procedure and a nonlinear equation solution algorithm. 
 
3.5.1. Time Stepping Procedure 
 
The time stepping procedure utilized in this study is the automatic time incrementation 
procedure established by Hibbitt and Karlsson (1979), which includes a time integration 
scheme and a time step error control technique, as briefly described in the following.  
 
Time Integration Scheme 
The automatic time incrementation procedure employs the implicit time integration 
scheme developed by Hilber, Hughes, and Taylor (1977, 1978), which is also known as 
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the HHT-α Method. The HHT-α operator replaces Equation (3.42) with the inertia term at 
time t t and a weighted average of internal and external force terms at time t  and 
t t : 
            [ ] (1 ) 0t t t t t t t t         int ext int extM Q F F F F (3.47)
where   is a parameter for introducing artificial damping.  
Based on the Newmark’s expression (e.g. Chopra 2000; Bathe 2007),  t t Q  and 
 t t Q  are then defined as: 
           2 1/ 2 t tt t t t tt t             Q Q Q Q Q    (3.48)
and  
         1 t tt t t tt           Q Q Q Q     (3.49)
where  21 / 4, 1/ 2 , 1/ 3 0             
 
Time Step Error Control Technique 
The adaptive time incrementation procedure uses the half-step residual to control the 
solution accuracy, as outlined below. 
Assume that  Q varies linearly across the time interval ,t t t  , i.e.  
       1 t t t     Q Q Q    (3.50)
where   is an interpolation variable ranging from 0 to 1. Using Equation (3.50) in 
combination with the Newmark’s expression (Equations (4.48)-(4.49)),  Q  Q  Q
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can be expressed terms of their values at time t  and the increment
     t t t t t   Q Q Q as: 
              23 2 21 1 2t tt t ttt             Q Q Q Q Q   (3.51)
        2 21 1 2t t t ttt                        Q Q Q Q    (3.52)
        2 1 2t t t tt t              Q Q Q Q    (3.53)
According to Hibbitt and Karlsson (1979), the equilibrium residual for Equation (3.42) at 
the time instant    1 t t t      within the time range  ,t t t   is regarded as: 
         int ext     R M Q F F  (3.54)
By means of Equations (3.51)-(3.54) in conjunction with the nonlinear equation solving 
algorithm to be discussed in Section 3.5.2, it is theoretically possible to evaluate the 
equilibrium residual at any time within the time step  ,t t t  . However, for the purpose 
of minimizing computational cost, the residual   R  is usually assessed at 1/ 2  for 
each time step. This residual, i.e.  1/2R , is termed as the half-step residual. The half-step 
residual provides a measure of the accuracy of the solution for a given time step. If the 
half-step residual is relatively small, it suggests that the solution has high accuracy and 
the time step can be enlarged. On the contrary, a large half-step residual indicates that the 
solution is coarse and the time step should be reduced. 
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3.5.2. Nonlinear Equation Solution Algorithm 
 
An important step involved in the above time stepping procedure is to obtain solutions to 
the nonlinear Equation (3.54). Without loss of generality, the solutions to Equation (3.54) 
can be expressed as (e.g. Fung and Tong 2001; Kojic and Bathe 2005; Laursen 2002): 
    0 R Q  (3.55)
where the residual R  is considered to be a nonlinear function of the solution vector  Q . 
Due to its nonlinear nature, it is not a general approach to solve Equation (3.55) exactly. 
Typically, it is solved in an iterative manner. The iteration solution procedure applied in 
this research is the Newton-Raphson Method.  
Applying Taylor series expansion to Equation (3.55) leads to: 
      
   
    
j
j j

   

    Q Q
R0 = R Q R Q Q Q
Q
  
(3.56)
Neglecting the second-order and higher-order terms in Equation (3.56), the first order 
approximation to Equation (3.56) is then written as:  
   
   
     0
j
j j

  

   Q Q
RR Q Q Q
Q
 
(3.57)
Based on Equation (3.57), once the solution  jQ  from iteration j  is determined, the 
next solution  1j Q  for iteration 1j   is followed by:  
       
   
1
j
j
j j


 


  
 Q Q
R Q
Q Q
R
Q
 
(3.58)
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Iterations will continue until the residual R  has satisfied specified convergence criteria. 
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4. CHAPTER 4: CONSTITUTIVE MODELING 
 
This chapter describes the constitutive modeling for the concrete in the dam, the water in 
the reservoir, and the rock in the foundation.  
 
4.1. Constitutive Model for Concrete 
 
4.1.1. Damaged Plasticity Model 
 
The concrete constitutive model implemented in this research is the damaged plasticity 
model (Abaqus 2007), which is built on the models proposed by Lubliner et al. (1989, 
1990) and by Lee and Fenves (1996, 1998a, 1998b). Key features of the model are 
highlighted in the following.  
 
 STRESS-STRAIN RELATIONSHIP 
 
In the elastoplastic theory, a fundamental assumption is that the total strain can be 
decomposed into an elastic part and a plastic part: 
 e p ε ε ε  (4.1)
where ε  is the total strain tensor, 
eε  is the elastic strain tensor, and 
pε  is the plastic strain 
tensor.  
Following Equation (4.1), it is possible to split the total strain rate into the sum of the 
elastic strain rate and the plastic strain rate: 
 e p ε ε ε    (4.2)
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where ε  is the total strain rate tensor, 
eε  is the elastic strain rate tensor, and 
pε  is the 
plastic strain rate tensor. The elastic strain tensor eε  is related to stress by the relation: 
 :e ε C σ  (4.3)
where C  is the compliance tensor (Chen and Han 1988), which is the inverse of the 
elastic modulus tensor D , σ  is the Cauchy stress tensor  characterizing the “true” internal 
force per unit area acting on an actual deformed solid (Bower 2010), and :  indicates 
double contraction.  
Based on Equations (4.1) and (4.3), the stress-strain relationship may be expressed as: 
  : p σ D ε ε  (4.4)
 
Within the framework of continuum damage mechanics, damage is attributed to the 
decay in stiffness. If scalar damage in stiffness degradation is assumed, the elastic 
modulus is related to the initial elastic modulus by: 
   01 d D D  (4.5)
where d  is the scalar stiffness degradation variable and 0D  is the initial elastic modulus 
tensor.  
Combining Equation (4.4) and Equation (4.5) results in: 
    01 : pd  σ D ε ε  (4.6)
If the effective stress component is represented by the effective stress as: 
  0 : p σ D ε ε  (4.7)
where σ  is the effective stress tensor, Equation (4.6) then becomes: 
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  1 d σ σ  (4.8)
The plastic part of the strain rate tensor, formulated in terms of effective stress, is written 
as:  
 
( )p G  
 σε σ  (4.9)
where pε  is the plastic strain rate tensor,   is a nonnegative scalar function named 
plastic consistency parameter (Lee and Fenves 1998b) and G  is the plastic potential 
function to be discussed later.  
 
 DAMAGE EVOLUTION 
 
Damage Variable 
In line with Lubliner et al. (1989, 1990) and Lee and Fenves (1996, 1998a, 1998b), the 
index for damage is characterized by the damage variable κ , in Abaqus (2007), termed 
as hardening variable. 
In the uniaxial condition, the damage variable κ  is represented by two independent 
variables:  
 t
c


    
κ  
(4.10)
where t  and c  are referred to as unixial tensile and compressive damage variable 
respectively.  
The unixial tensile damage variable t  is defined as: 
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 
 0
0
p
p p
t
t p p
t
d
d
   
  
   (4.11)
where t  and p , shown in Figure 4.1, are the tensile stress and plastic strain 
respectively.  
Analogously, the uniaxial compressive damage variable c  is defined as: 
 
 
 0
0
p
p p
c
c p p
c
d
d
   
  
   (4.12)
where c  and p , shown in Figure 4.2, are the compressive stress and plastic strain 
respectively. 
 
 
 
 
Figure 4.1 Illustrative uniaxial tensile stress-plastic strain curve 
 (modified from Lubliner et al. 1989) 
 
 
 
 
 
 
 
44 
 
 
 
Figure 4.2 Illustrative uniaxial compressive stress-plastic strain curve 
 (modified from Lubliner et al. 1989) 
 
 
 
Damage Evolution 
The evolution of damage variable is associated with stress and plastic strain and 
described in a form of accumulated energy dissipation by Lee (1996) as: 
   : pκ f σ,κ ε   (4.13)
Substituting Equation (4.9) into Equation (4.13) transforms Equation (4.13) into:  
    :     
G σκ f σ,κ σ
  
(4.14)
From Equation (4.8), the stress σ  can be expressed as a function of the effective stress σ  
and the stiffness degradation variable d : 
  ,dσ σ σ  (4.15)
and from Equation (4.22), which is to be discussed later, d  is related to the damage 
variable κ  by:  
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  d d κ  (4.16)
Upon putting Equation (4.16) into Equation (4.15), it can be concluded that:  
  ,σ σ σ κ  (4.17)
Taking Equation (4.17) into Equation (4.14) then yields the formula for the evolution of 
the damage variable κ :  
  ˆ ˆ , κ H σ κ  (4.18)
where Hˆ  is defined as: 
      ˆˆ ˆ ˆ , ˆG  
σ
H σ,κ h σ κ σ  (4.19)
in which  σˆ  , i.e. the eigenvalues of the effective stress σ , are utilized instead, and h  is 
expressed as (Abaqus 2007): 
      
ˆ         0               0
ˆ ,
ˆ   0           0     1
r
r
         
σ
h σ κ
σ
 (4.20)
in which 
  
3
1
3
1
ˆ
ˆ
ˆ
i
i
i
i
r







σ  
(4.21)
where  1ˆ ˆ ˆ2i i i     indicates the ramp function.  
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Stiffness Degradation 
Equation (4.5) indicates that the reduction of the elastic modulus is controlled by the 
stiffness degradation variable d . This variable is considered to be a function of the 
damage variable κ  (Lee 1996) , i.e. 
  d d κ  (4.22)
For uniaxial monotonic loadings, the stiffness degradation variable d  is characterized by 
its uniaxial version, i.e. the uniaxial tensile and compressive stiffness degradation 
variables denoted by td  and cd , respectively. In Abaqus (2007), they are termed as 
uniaxial tension and compression damage variables instead. Graphic illustrations of the 
two variables are presented in Figure 4.3 and Figure 4.4.  
 
Applying Equation (4.6) to the uniaxial monotonic loading case results in the stress-strain 
relationship for tension: 
    01 pt t t td D  σ ε ε  (4.23)
and that for compression: 
    01 pc c c cd D  σ ε ε  (4.24)
Using Equation (4.7), the effective stress-strain relationship is written for tension as: 
  0 pt t tD σ ε ε  (4.25)
and for compression as: 
  0 pc c cD σ ε ε  (4.26)
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Figure 4.3 Illustration of the uniaxial tension damage variable dt  
(modified from Abaqus 2007) 
 
 
 
 
Figure 4.4 Illustration of the uniaxial compression damage variable dc  
(modified from Abaqus 2007) 
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Under multiaxial cyclic loading conditions, an important issue with the modeling of 
concrete is that the elastic stiffness partially recovers upon load reversal. In the damaged 
plasticity model, this effect is accounted for by combining the uniaxial monotonic 
stiffness degradation variable with some stiffness recovery function. As a result, the 
stiffness degradation variable is expressed as:  
     1 1 1t c c td s d s d     (4.27)
where ts  and cs  are functions for incorporating the stiffness recovery effect represented 
by: 
  ˆ1t ts w r  σ  (4.28)
   ˆ1 1c cs w r   σ  (4.29)
in which tw  and cw  are weight factors introduced for modeling the restoration of 
stiffness when the load changes sign, and  ˆr σ  is given by Equation (4.21). 
 
 CONCRETE PLASTICITY 
 
Yield Condition 
The initial yield function for the plastic-damage model was proposed by Lubliner et al. 
(1989) as: 
    2 1 max max1 3 31F J I        σ  (4.30)
where 1I  is the first invariant of the stress tensor, i.e. 1I tr σ , in which σ  is the stress 
tensor specified in Equation (4.3) and tr  denotes trace; 2J  is the second invariant of the 
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deviatoric stress tensor, i.e. 12 2J  S : S , in which S  is the deviatoric part of the stress 
tensor σ ; max  is the maximum principal stress;  ,  , and   are dimensionless 
material constants defined respectively as: 
 0 0
0 02
b c
b c
   
   (4.31)
in which 0b  is the initial equibiaxial compressive yield stress and 0c  is the uniaxial 
compressive yield stress;  
     0 01 1c b         (4.32)
and 
 
 3 1
2 1
 
   (4.33)
in which the parameter 
 
enters into Equation (4.30) only in triaxial compression, 
namely in stress states when max  is negative, and   is a ratio given by: 
 
 
 
2
2
TM
CM
J
J
   (4.34)
where 2J  is the second invariant of the deviatoric stress tensor; TM  and CM  designate 
the “tensile” meridian, i.e. stress states 3 2 1     (Chen 2007; van Mier 1997), and 
the “compressive ” meridian, i.e. stress states 3 2 1     (Chen 2007; van Mier 1997), 
on the yield surface respectively.  
On the basis of concrete biaxial and triaxial experimental studies, a small amendment to 
incorporate cohesion in Equation (4.30) was later suggested by the same authors (Oller et 
al. 1990) who developed the plastic-damage model: 
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      2 1 max max1 3 31F J I c         σ,κ κ  (4.35)
in which  c κ  is the cohesion, whose evolution is controlled by the damage variable κ .  
The appropriateness of Equation (4.35) in the modeling of concrete under cyclic loadings 
was questioned by Lee and Fenves (1996, 1998a, 1998b). Instead of using one cohesion, 
they came forward with two cohesion variables for a better description of the behavior of 
concrete under cyclic conditions: 
       2 1 max1 ˆ3 31F J I c     σ,κ κ κ  (4.36)
in which maxˆ  is the algebraically maximum principal stress and the constant   used in 
Equations (4.30) and (4.35) has been replaced by a function   κ defined as:  
         1 1
c
t
c
c
     κκ κ  (4.37)
in which  cc κ and  tc κ  are compressive and tensile cohesion respectively. 
Combining the work done by Lubliner and the coworkers (1989, 1990) and the 
modification made by Lee and Fenves (1996, 1998a, 1998b), the yielding criterion for the 
damaged plasticity model embedded in Abaqus (2007) is described by: 
       max max1 ˆ ˆ31F q p c         σ,κ κ κ  (4.38)
where p   is the hydrostatic effective stress defined as:  
 
1 :
3
p   σ I  (4.39)
in which σ  is the effective stress tensor given in Equation (4.7) and I
 
is the identity 
tensor; 
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q  is the von Mises equivalent effective stress defined as: 
 1 :
3
q  S S  (4.40)
in which S  is the deviatoric part of the effective stress tensor σ ; maxˆ  is the 
algebraically maximum principal effective stress; the function   κ  is written as:   
         1 1
c
t
     
κκ κ  (4.41)
in which  c κ and  t κ  are the uniaxial compressive and tensile effective stress 
specified in Equations (4.25) and (4.26) respectively; the cohesion function  c κ is 
written as:   
    cc κ κ  (4.42)
i.e. it is equal to the effective compressive stress in the uniaxial case.  
 
Flow Rule 
Nonassociated flow rule is adopted by the damaged plasticity model (Abaqus 2007). The 
plastic potential function utilized is the Drucker-Prager hyperbolic function, which takes 
the form: 
   2tan tantfG q p      (4.43)
where p  and q  are the hydrostatic effective stress and the von Mises equivalent 
effective stress specified respectively in Equation (4.31) and Equation (4.32),   is the 
dilation angle, tf  is the uniaxial tensile failure stress, and   is called eccentricity, a 
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parameter that defines the rate at which the function approaches the asymptote (the flow 
potential tends to a straight line when the eccentricity approaches zero).  
 
 CRACK OPENING/CLOSING 
 
As mentioned in Section 2.2.1, a typical concrete cracking model should contain 
conditions for modeling the onset of crack initiation, the crack representation, and the 
crack propagation. The crack initiation and propagation criteria can be either based on 
strength of material or based on theory of fracture mechanics. Crack representation deals 
with spatially representing the cracks in the finite element model. Two commonly used 
methods for crack representation in the literature are the smeared crack approach and the 
discrete crack approach. In the smeared crack model, the fracture is idealized by many 
finely spaced cracks smeared over an entire element or a certain band width of the 
element perpendicular to the principal stress direction. From a different perspective, the 
discrete crack model represents the crack as a discrete gap along the inter-element 
boundary and allows the finite element model to generate the “real” location of the crack.  
 
Although the damaged plasticity model does not determine the accurate crack geometry, 
a physical interpretation of the cracking patterns can be achieved via the different state 
variables introduced in previous sections: for instance, crack opening and closing can be 
determined from the behavior of the tension damage variable td  and the stiffness 
degradation variable d mentioned earlier in this section. The tension damage variable td  
is a nondecreasing quantity related to tensile failure of the material. On the other hand, 
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the stiffness degradation variable d can increase or decrease between zero and one, 
reflecting the stiffness recovery effects associated with opening or closing of the cracks. 
Hence at a specific material point, 0td   and 0d   indicates opening of a crack, 
whereas 0td   and 0d   signifies closing of the crack (Abaqus 2007). 
 
 OBJECTIVITY OF MODEL 
 
A model should be objective, i.e. the results should be independent of the finite element 
mesh of the domain (mesh sensitivity). Concrete is a composite material that undergoes 
significant strain softening in the post-peak regime (van Mier 1997). Finite element 
modeling of this softening behavior may involve the issue of mesh sensitivity. To 
overcome this problem, a number of solutions have been recommended. Concerning the 
damaged plasticity model, the following two techniques can be exploited. The first 
technique is to represent the strain softening behavior using the concept of the fictitious 
crack model put forward by Hillerborg et al. (1976). In the fictitious crack model, the 
strain softening behavior is characterized by a diminishing stress,  , versus the crack 
opening displacement,  , relationship. The area under this    curve defines the 
energy dissipated by cracking during the fracture process on unit area. To implement this 
concept in the damaged plasticity model, the strain softening profile of concrete is then 
described by a stress-displacement relationship instead of a stress-strain relationship. The 
second method is to resort to viscoplastic regularization (Needleman 1988, Loret and 
Prevost 1991, Sluys and de Borst 1992), in which artificial viscosity is introduced into the 
model for ensuring a unique converged result.  
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4.2. Constitutive Model for Rock 
 
4.2.1. Jointed Material Model 
 
The nonlinear behavior of the joints in the rock is simulated by the jointed material model 
(Abaqus 2007), which is based on the formulation proposed by Zienkiewicz and Pande 
(1977). The main framework of the model is summarized in this section. 
 
 STRAIN DECOMPOSITION 
 
Similar to the concrete damaged plasticity model, in the jointed rock model, the total 
strain ε  is divided into two parts: 
 e p ε ε ε  (4.44)
where eε  is the elastic strain and pε  is the plastic strain.  
 
 JOINT SYSTEM DEFINITION 
 
Consider a joint system J  inclined at an angle of   as illustrated in Figure 4.5, the 
magnitude of the normal stress component   at a given point in the joint plane is given 
by:  
      n σ n  (4.45)
where n  is the normal to the joint surface; σ  is the Cauchy stress tensor. 
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Figure 4.5 Notation for joint system J 
 
 
 
The magnitude of the shear stress component  1, 2i i   at that point is given by:  
 i i
     n σ e  (4.46)
where i
e ( 1, 2)i   are two unit orthogonal vectors in the joint surface shown in Figure 4.5.  
From Equation (4.46), the magnitude of the resultant shear stress   in the joint surface is 
then computed as:  
    2 21 2       (4.47)
The normal strain across the joint   can be obtained from: 
      n ε n  (4.48)
 
 JOINT OPENING/CLOSING 
 
The joint system J opens when the normal stress across the joint   is no longer positive, 
i.e.: 
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 0   (4.49)
The joint system remains open until the elastic strain across the joint becomes smaller 
than the elastic critical strain, i.e.: 
    e ecr   (4.50)
where  e denotes the elastic part of the normal strain across the joint   and the 
critical elastic strain  ecr  is defined as the elastic strain across the joint calculated in 
plane stress: 
    1 2ecr E        (4.51)
where E  is the Young’s modulus of the material;    is the Poisson’s ratio; and 
( 1,2)i i
   are the direct stresses in the plane of the joint computed by:  
 i i i
     e σ e  (4.52)
where i
e ( 1, 2)i   are two unit orthogonal vectors in the joint surface (Figure 4.5).  
 
 JOINT SLIDING 
 
The joint system J  sticks as long as:   
 tan J Jc
      (4.53)
where J  and Jc  are the friction angle and the cohesion for joint system J . 
The joint system J  slips when:  
 tan J Jc
      (4.54)
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 BULK FAILURE 
 
The plastic behavior of the bulk rock material conforms to the Drucker-Prager failure 
criterion: 
 tan 0b bq p c    (4.55)
where p  is the hydrostatic stress defined as:  
 
1 :
3
p   σ I  (4.56)
in which σ  is the Cauchy stress tensor and I
 
is the identity tensor; and q  is the von 
Mises equivalent stress defined as: 
 1 :
3
q  S S  (4.57)
in which S  is the deviatoric part of the Cauchy stress tensor σ ; and b  and bc  are the 
friction angle and the cohesion for the bulk material, respectively.  
When the failure criterion is reached, the bulk plastic flow follows the incremental rule:  
  11 111 tan
3
p p b
b b
b
Gd d 

 
  σ  (4.58)
where the plastic potential function bG  is given by: 
 tanb bG q p    (4.59)
in which  
11
p
bd  is the magnitude of the increment of plastic flow rate pbd  in uniaxial 
compression in the 1-direction (Abaqus 2007) and b  is the dilation angle for the bulk 
rock material. 
58 
 
 
4.2.2. Mohr-Coulomb Model 
 
The Mohr-Coulomb model in Abaqus (2007) is an extension of the classical Mohr-
Coulomb failure criterion, which incorporates isotropic cohesion hardening/softening but 
utilizes a flow potential of a hyperbolic shape in the meridional stress plane and a smooth 
elliptic function in the deviatoric stress plane.  
 
 STRAIN DECOMPOSITION 
 
The Mohr-Coulomb model decomposes the total strain ε  into two components: 
 e p ε ε ε  (4.60)
where eε  is the elastic strain and pε  is the plastic strain. 
 
 YIELD BEHAVIOR 
 
The Mohr-Coulomb yield surface can be expressed as: 
 tan 0mcR q p c    (4.61)
where c  and   are the cohesion and friction angle of the material respectively; p  is the 
hydrostatic stress defined as: 
 
1 :
3
p   σ I  (4.62)
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in which σ  is the Cauchy stress tensor and I
 
is the identity tensor; q  is the von Mises 
equivalent stress defined as: 
 1 :
3
q  S S  (4.63)
where S  is the deviatoric part of the Cauchy stress tensor σ ; and mcR  is the Mohr-
Coulomb deviatoric stress measure defined as: 
   1 1, sin cos tan3 3 33 cosmcR
  
               (4.64)
in which  is the deviatoric polar angle (Chen and Han 1988) defined as: 
  
3
3cos 3 J
q
       (4.65)
where 3J is the third invariant of the deviatoric stress tensor S  defined as: 
 
1
3
3
9 :
2
J     S S S  (4.66)
 
 FLOW RULE 
 
The Mohr-Coulomb plasticity model assumes the following form of potential flow: 
 
p
p d Gd
g
  σ  (4.67)
where g  is given by (Abaqus 2007): 
 
1 : Gg
c
 σ σ  (4.68)
and G  is the flow potential function defined as: 
60 
 
    2 20 tan tanmwG c R q p      (4.69)
where   is the dilation angle measured in the mwp R q plane at high confining pressure; 
0c  is the initial cohesion yield stress; and  is an eccentricity parameter that defines the 
rate at which the function approaches the asymptote; mwR is given by Menétrey and 
Willam (1995) as: 
         
22 2
2 2 2 2
4(1 )cos 2 1
, ,
32 1 cos 2 1 4 1 cos 5 4
mw mc
e e
R e R
e e e e e
               (4.70)
in which   is the deviatoric polar angle defined in Equation (4.65). 
     / 3, 3 sin / 6cosmcR      , and e  is the “out-of-roundedness” parameter that 
can be either computed by    3 sin / 3 sine     or given as an independent material 
parameter. 
 
4.3. Constitutive Model for Fluid 
 
4.3.1. Constitutive Modeling of the Fluid 
 
The fluid in the reservoir is inviscid, linear, and compressible, the constitutive behavior 
of which is described by the following relation (e.g. Cook et al. 2001; Zienkiewicz et al. 
1983): 
 r volp B    (4.71)
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where p  is the hydrodynamic pressure in excess of the hydrostatic one; rB  is bulk 
modulus of the fluid in the reservoir; vol  is the volumetric strain defined as ,rvol i iu  , in 
which riu  is the displacement of the fluid in the reservoir.  
 
It is noted that the linear fluid assumption as stated above is not always true because 
during very strong earthquakes the water in the reservoir may undergo cavitation when 
the absolute pressure of the fluid (the static pressure plus the hydrodynamic pressure) 
reaches a certain threshold. Under this circumstance, the fluid behavior becomes 
nonlinear and the following condition must hold for the fluid (Zienkiewicz et al. 1983):  
 
              
     
c s
c s c s
p p p p
p
p p p p p
     
 
(4.72)
where cp  is the cavitation pressure limit, and sp  is the static pressure of the fluid (the 
sum of atmospheric pressure atmp  and the hydrostatic pressure hsp ).  
 
4.3.2. Simplified Modeling of the Fluid 
 
In additional to the constitutive modeling of the fluid stated in section 4.3.1, two 
simplified fluid models for representing the dam-reservoir hydrodynamic interaction 
effect, i.e. Westergaard’s added mass model (Westergaard 1933) and Darbre’s two-
parameter model (Darbre 1998), are also utilized and briefly described in this section.  
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In the two-parameter model developed by Darbre (1998), the hydrodynamic effect 
exerted by the reservoir is simplified to a group of incompressible fluid masses attached 
to a series of dampers as illustrated in Figure 4.6. 
 
 
 
 
Figure 4.6 Schematic diagram of Darbre’s two-parameter model 
 
 
The added mass used in the modeling is derived as (Darbre 1998, Chopra 1967): 
       
1
1
14 cos     1, 2, ,
2 1
nr
n
n n
m z n
n
  


     (4.73)
where  2 1
2n r
n
H
 
 
in which rH is the height of the reservoir; r  is the density of the 
fluid; and z  is the coordinate in the vertical direction (Figure 3.2). 
 
The damper according to Darbre (1998) has the following expression: 
 r rc B  (4.74)
It is worth mentioning that the dampers in Darbre’s two-parameter model physically 
represent the pressure wave propagation in the upstream direction (Darbre 1998). If this 
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damping effect is ignored, the model is reduced to Westergaard’s added mass model 
(Westergaard 1933), shown in Figure 4.7.  
 
The added mass used in the modeling is given by Westergaard (1933) as: 
    7     08 r r r rm H H z z H     (4.75)
where rH is the height of the reservoir; r  is the density of the fluid; and z  is the 
coordinate in the vertical direction (Figure 3.2). 
 
 
 
 
Figure 4.7 Schematic diagram of Westergaard’s added mass model 
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5. CHAPTER 5: INTERFACIAL MODELING 
 
The dam-reservoir-sediment-foundation system is a multi-phase system. This chapter 
presents the approaches used for the modeling of the dam-foundation, the dam-reservoir, 
and the foundation-reservoir interactions.  
 
5.1. Dam-Foundation Interaction 
 
The modeling of the dam-foundation interaction herein follows the contact mechanics-
based approach. Computational modeling of dynamic contact problems is cumbersome 
because, usually, the problems are highly nonlinear and nonsmooth (Belytschko et al. 
2000; Laursen 2002; Wriggers 2002; Zhong 1993). The description herein follows 
Abaqus (2007). 
 
To properly simulate the mechanical behavior at the dam-foundation interface, a surface-
based contact pair is defined at the dam-foundation interface. The contact interaction in 
the normal direction is modeled by the “hard” contact approach (Abaqus 2007) illustrated 
in Figure 5.1. Physically, this contact model states that the surfaces separate if the contact 
pressure is reduced to zero, which can be mathematically described as: 
 0,      0N Np g   (5.1)
in which Np  is the contact pressure, Ng  is the interpenetration.  
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Figure 5.1 Contact model in the normal direction at the dam-foundation interface  
(modified from Abaqus (2007)) 
 
 
The surfaces come into contact when the interpenetration between them becomes zero, 
which can be expressed by the condition:  
 0,      0N Ng p   (5.2)
 
The contact interaction in the tangential direction is characterized by the Coulomb 
friction law (Abaqus 2007; Tekie and Ellingwood 2003) shown in Figure 5.2. With this 
law, at the contact interface, the tangential behavior is divided into two kinematic states, 
i.e. the sticking state and the slipping state. In the sticking state, no tangential relative 
displacement takes place in the contact region when the tangential stress is less than the 
Coulomb limit, which can be described by the condition: 
 0,  Np T Tg t  (5.3)
in which Tg  is the tangential slip, Tt  is the frictional stress,    denotes the Euclidean 
norm of a vector,   is the friction coefficient, and Np  is the contact pressure.  
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Figure 5.2 Contact model in the tangential direction at the dam-foundation interface  
(modified from on Abaqus (2007)) 
 
 
Once the tangential stress becomes higher than the Coulomb limit, the contact bodies will 
slide relative to one another. The slipping state can thus be formulated as: 
 ,  Np  T T Tg t t  (5.4)
in which   is a variable indicating that the tangential slip is colinear with the frictional 
stress in the slipping state. 
 
Figure 5.3 illustrates graphically the solution process used in Abaqus (2007) for this 
contact problem.  
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Figure 5.3 Contact algorithm for modeling dam-foundation interaction 
(developed based on Abaqus (2007)) 
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5.2. Dam-Reservoir and Foundation-Reservoir Interactions 
 
The surface-based fluid-structure interaction approach (Abaqus 2007) is utilized for the 
modeling of the dam-reservoir and foundation-reservoir interaction. The surface-based 
approach allows for nonconforming node numberings and meshes at the fluid-structure 
interface. Herein, the fluid (reservoir) surface is selected as the slave surface and the solid 
(dam and foundation) surfaces are assigned as the master surface, as illustrated in Figure 
5.4. As a result, the fluid-solid coupling conditions, i.e. Equation (3.7) and Equation (3.8), 
are imposed at the slave nodes. The values at each fluid node are constrained to be an 
average of the values at nearby master surface nodes.  
 
 
 
 
 
Figure 5.4 Graphical illustration of Fluid-Slave-Solid-Master Interface 
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6. CHAPTER 6: MODEL VERIFICATION AND VALIDATION 
 
Chapter 6 presents the numerical examples that have been developed to verify and 
validate different components of the numerical model to be used for seismic response 
analyses of the dam in Chapter 8. All the computational simulations in the following 
examples were performed using the software package Abaqus (2007). 
 
6.1. Hydrodynamic Pressure on Dam 
 
A reservoir with a constant height of 180 m extending to infinity under acceleration 
excitation, as shown in Figure 6.1, is chosen to verify the earthquake-induced 
hydrodynamic pressure on the dam-reservoir interface. The dam and the foundation are 
assumed to be rigid. The reservoir water is taken to be compressible and inviscid with a 
wave speed rc  of 1438.6 m/sec and a density r  of 1000 kg/m3. The effect of reservoir 
bottom sediment absorption is not considered in the verification. A reservoir length of 
10,000 m is used to terminate the reflection of hydrodynamic pressure waves at the 
truncated boundary. A total number of 32000 AC2D4 type acoustic elements are used to 
model the reservoir.  
 
The analytical solution for his problem was given by Chopra (1967) as: 
 
      00
1
1 cos2(0, , ) , 0
kr r tk r
g kr
k k
ycp z t u J c t d t
H
    


        
   (6.1)
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where  2 1 2k k H   , r  is the mass density of the water in the reservoir, rc  the 
speed of sound in the reservoir water, rH  the height of the reservoir, and 0J  the Bessel 
function of the first kind of order zero.  
 
 
 
 
Figure 6.1 Illustration of a semi-infinite reservoir under acceleration excitation  
 
 
Two acceleration excitations are selected for validating the hydrodynamic pressure. The 
first excitation considers step acceleration with finite rise time, shown in Figure 6.2. In 
the second case, triangular pulse, shown in Figure 6.4, is utilized. Figure 6.3 and Figure 
6.5 present the comparison of the computed and exact hydrodynamic pressure under two 
excitation cases normalized with respect to r r mH a , in which ma  is the maximum 
acceleration amplitude of the input acceleration. It is observed from Figure 6.3 and 
Figure 6.5 that the computed and exact hydrodynamic pressures agree well in both 
excitation cases.  
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Figure 6.2 Step acceleration excitation with finite rise time 
 
 
 
 
Figure 6.3 Comparison of the computed and exact hydrodynamic pressure  
under step acceleration excitation with finite rise time 
 
 
 
  
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
Time (sec)
A
cc
el
er
at
io
n 
(g
)
0.02
0 1 2 3 4 50
0.5
1
1.5
Time (sec)
p/
r H
r a
m
 
 
computed
exact
72 
 
 
 
 
 
Figure 6.4 Triangular pulse excitation 
 
 
 
 
Figure 6.5 Comparison of the computed and exact hydrodynamic pressure  
under triangular pulse excitation 
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6.2. Contact Test 
 
6.2.1. Static Contact Test 
 
The static contact test verifies contact between two bodies under static loading conditions. 
This test is modified from the examples entitled “friction models in Abaqus/Standard” 
and “surface-to-surface for finite-sliding contact” provided in Abaqus’s Verification 
Manual (Abaqus 2007). Figure 6.6 shows the setup of the model, which considers a rod 
supported on a fixed rigid surface. The rod is 5 m high and the surface is 20 m long. The 
material properties for the rod are Young’s modulus 1.0×108 Pa, Poisson’s Ratio 0.3, and 
friction coefficient 0.2.  
 
 
 
 
Figure 6.6 Elastic rod on a rigid surface under static loading conditions 
 
 
 
The test consists of three steps. In the first step of the test, a small displacement is 
prescribed at the bottom of the rod so that the contact between the rod and the surface is 
correctly established. In the second step shown in Figure 6.7, a concentrated load of 1000 
N is applied in the axial direction at the top of the rod (Node 2) to verify the contact 
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interaction in the normal direction. In the final step (Step 3) shown in Figure 6.8, in 
additional to the vertical concentrated force specified in Step 2, an extra concentrated 
load of 100 N is applied in the horizontal direction at the top of the rod (Node 2), such 
that the actual shear force is smaller than the critical shear force, to verify the “stick” 
condition. Results are presented in Table 6.1. It is shown that the numerical results agree 
well with the theory.  
 
 
 
 
Figure 6.7 Step 2 of the static contact test 
 
 
 
 
Figure 6.8 Step 3 of the static contact test 
 
 
 
Table 6.1 Contact forces at Node 1 
 
Step No. Normal Force  
at Node 1(N) 
Shear Force  
at Node 1 (N) 
Description 
Step 2 1000 0 Contact closed and no friction 
Step 3 1000  100 Contact closed and sticking 
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6.2.2. Dynamic Contact Test 
 
The base sliding mechanism is verified in this example. The problem, shown in Figure 
6.9, is developed partially based on references by Pekau and Zhu (2006) and Abaqus 
(2007). It consists of a rectangular rigid block sliding on a rigid surface under a triangular 
impulse. The block is 5 inch long, 1 inch high, and 1 inch thick. The elastic modulus is 
3.0×1010 psi, Poisson’s ratio 0.33, and the density 7.5×10-4 lbfs2/in4. A uniform pressure 
N of 2000 psi is applied on the top of the block. The block is subjected to the triangular 
pulse excitation P(t) shown in Figure 6.10 on its left face.  
 
The theoretical solution for displacement  u t  of this problem is derived and presented 
as below: 
  
9 3 5 2 4
9 3 6 2
0                                                                                 0.0 0.00005
4 10 2 10 1.6667 10                    0.00005 0.0002
3
4 10 1.4 10 310 0.02117 
3
t
t t t
u t t t t

 
        
         
5 2
        0.0002 0.0004
2 10 330 0.06417                            0.0004 0.000825
0.07196                                                                 0.000825 0.001
t
t t t
t
           
(6.2)
 
The computed sliding response of the block and the theoretical solution are shown in 
Figure 6.11. It is shown that the numerical model precisely predicts the sliding of the 
block on the rigid surface.  
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Figure 6.9 Sliding of a rigid block on a rigid surface under impulse excitation 
 
 
 
Figure 6.10 Triangle pulse excitation P(t) 
 
 
 
 
Figure 6.11 Sliding of the block on the rigid surface 
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6.3. Wave Source Problem in a 2-D Half-Space under Vertical Line Load 
 
The problem considered is a 2-D semi-infinite half-space under vertical line load, as 
shown in Figure 6.12. The 2-D semi-infinite half-space is expressed by y 0 . The 
medium is assumed to be linear elastic with the following material properties: Young’s 
Modulus E=3 Pa, Poisson’s ratio =0.5 , mass density =3  kg/m3. Since the problem is 
symmetrical about the y axis, only half of the semi-infinite domain is analyzed. A total 
duration of 8 sec is considered for this problem. To avoid wave reflection on the 
truncated boundary, the truncated region is taken to be 0 y 16   m and 0 16x  m, as 
illustrated in Figure 6.13. 
 
The distributed loading function  ,F x t  is a product of  S x  and  P t , i.e. 
      ,F x t S x P t  (6.3)
where  S x  is the spatial contribution of the distributed load 
 
1      0 0.05
( )
0      0.05
x
S x
x
     (6.4)
and  P t   is the temporal component of the loading function 
 
10 /1.5               0 1.5
( ) 20 -  10 /1.5      1.5 3.0
0                            3.0
t t
P t t t
t
      
 (6.5)
The observation point is designated as Point A in Figure 6.13. The analytical solution for 
the vertical displacement at Point A is expressed as (see e.g. Achenbach 1987; Kausel 
2006): 
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       20 0 2
- /1 -
- /
L t sv
A
sv
H x c
u t P t d dx
G x c
   
      (6.6)
in which L  is the length of the distributed load on the surface shown in Figure 6.13, G  
shear modulus, H  the Heaviside function, svc   the SV wave velocity. 
 
 
 
 
Figure 6.12 2-D semi-infinite half-space under vertical line load  
 
 
 
Figure 6.13 Truncated region of the 2-D semi-infinite half-space 
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A finite element model with 102400 CPE4R elements is created for this wave source 
problem. The computed vertical displacement response at Point A and the corresponding 
theoretical solution are depicted in Figure 6.14. It can be observed that the computational 
result agrees well with the theoretical solution.  
 
 
Figure 6.14 Vertical displacement of Point A under strip loading 
 
6.4. Multi-Transmitting Formula 
 
The analysis in this study models the infinite foundation domain using infinite elements 
for the static case, and absorbing elements (Lysmer and Kuhlemeyer 1969) for dynamic 
case. The use of such an absorbing boundary, however, works best for normally 
impinging waves (Abaqus 2007). To validate its use in the subsequent analysis it is 
compared with the multi-transmitting formula (Liao et al. 1984). This multi-transmitting 
formula is implemented in Abaqus using the User Subroutine DISP (Abaqus 2007) and 
compared with the performance of infinite elements (Abaqus 2007). The multi-
transmitting formula is an artificial boundary condition placed at the ends of a finite 
computational grid that can simulate, for any desired accuracy, the transmitting process 
of body and surface waves incident at any arbitrary angle. The approach can be utilized 
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for 2D and 3D transient wave analyses in laterally heterogeneous media and can be 
readily embedded into finite element codes. 
 
An overview of this artificial boundary condition is briefly described herein. As shown in 
Figure 6.15, an arbitrary inclined wave with an incident angle of   is considered to travel 
in the direction of wave propagation with the velocity c  towards the artificial boundary. 
Liao et al. (1984) proved that the propagation of this inclined wave can be simulated by a 
“virtual” artificial wave travelling with an apparent propagation velocity ac , as displayed 
in Figure 6.15, which also illustrates the concept of the technique. For this two-
dimensional problem, at the time instance t t , the motions in the horizontal direction 
x  at the boundary node B0 can be approximated by the horizontal motions of location 
points B1, B2, B3 etc. at earlier time instances using the following algorithm: 
       10 0
1
, 1 , 1
N
n N
B n B a
n
u x t t C u x nc t t n t

          (6.7) 
 
The accuracy of this artificial boundary condition depends on the order of the equation, 
i.e. N in Equation (6.7). It is reported by Liao (2003) that, generally, a 2-order equation 
gives a very good performance. It is noted that as the displacements given by Equation 
(6.7) are generally not determined at the nodes of the computational grid, as in a finite 
element model, and, hence, interpolation is normally necessary in order to obtain the 
displacements of the nodal points for the numerical model, as illustrated in Figure 6.16.  
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Figure 6.15 Schematic diagram of the Liao’s multi-transmitting boundary  (1984) 
 
 
 
Figure 6.16 Illustration of the locations of nodal points and computational grid points 
involved in the interpolation procedure (modified from Liao et al. 1984) 
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To study the performance of the multi-transmitting formula, it is implemented in Abaqus 
using the User Subroutine DISP and compared with the performance of infinite elements. 
Two numerical examples have been created for this purpose. The first example simulates 
the transient wave propagation process in a one-dimensional bar. The nodal numbers for 
the leftmost and rightmost node are 1 and 1001 respectively. The distance between Node 
1 and Node 1001 is 1000 m. The material properties utilized in this example are taken to 
be elastic modulus 97.8 10E    Pa, the Poisson’s ratio 0.33  , and the density 
37.8 10   kg/m3. The order of the formula utilized in this simulation is 2. The results 
are presented in Figure 6.17. It is clearly demonstrated in Figure 6.17 that the technique 
simulates accurately the wave propagation in the bar.  
 
 
 
 
Figure 6.17 Acceleration response at the left-most and right-most nodes in the 1D bar 
 
 
An additional two-dimensional example is devised for comparing the performance of the 
multi-transmitting formula with that of the infinite elements. The test is an infinite half-
space subjected to a vertical pulse line load, which is developed partially based on the 
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problem. Four computational models, as shown in Figure 6.18, have been employed in 
this example, which are Model A, Model B, Model C, and Model D. Key features such as 
dimensions and material properties used in this experiment are summarized in Table 6.2. 
Model A has an extended mesh of 8 m length and 8 m depth for setting the benchmark of 
this wave propagation problem. Models B, C, and D use a smaller mesh with dimension 
of 2 m length and 2 m depth. In Model B, the boundaries of the mesh are left as free and 
thus will be affected by the reflected propagating waves. In Model C, infinite elements 
are placed at the boundary of the finite mesh to simulate the far field. In Model D, the 
multi-transmitting formula is laid along the boundaries of the finite mesh so that 
reflection of the propagating waves back into the finite domain is minimized. In all the 
four numerical models, an identical vertical pulse line load shown in Figure 6.19 is 
applied at their surfaces, which are indicated by the element sets highlighted in red color. 
A total time period of 4 sec is considered for this problem. Figure 6.20 presents the 
vertical displacement of Node 41 that is 2 meters below the ground surface located on the 
left boundary of the four models. It is clearly shown that when the infinite domain is not 
modeled, as in Model B, the results are erroneous. The results are observed to be 
noticeably improved when the far field of the half-space is accounted for by the infinite 
elements. For the two schemes with different orders using the multi-transmitting formula, 
the 3-order scheme displays a higher accuracy than that of the 2-order after a closer 
observation. But the differences between these two schemes are not significant. 
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                                                   (a)                                 (b) 
 
                                                   (c)                                 (d) 
Figure 6.18 Finite element models of the two-dimensional wave propagation problem:(a) 
Model A (b) Model B (c) Model C (d) Model D 
 
 
 
Table 6.2 Summary of dimensions and material properties  
for the two-dimensional wave propagation test problem 
 
 
 
 
Model 
 
Dimension 
 
Material Properties 
Length 
(m) 
Depth 
(m) 
Elastic Modulus 
(Pa) 
Poisson’s ratio Density 
(kg/m3) 
Model A 
(Extended Mesh) 8 8 2.5 0.25 1.0 
Model B 
(Finite Mesh with Free Boundary) 2 2 2.5 0.25 1.0 
Model C 
(Finite Mesh with Infinite Element) 2 2 2.5 0.25 1.0 
Model D 
(Finite Mesh with Liao’s Boundary) 2 2 2.5 0.25 1.0 
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Figure 6.19 Vertical pulse distributed line load 
 
 
 
 
Figure 6.20 Comparison of vertical displacement responses at Node 41 for different 
models of the 2-D wave propagation problem 
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6.5. Transient Wave Propagation in a 1-D Fluid Tube 
 
In this verification, a simple numerical model is developed to verify the transient wave 
propagation in a 1-D fluid tube using the analytical solution derived in Appendix C. The 
model consists of a fluid tube of 1000 m long and 0.01 m high. At the left end of the fluid 
medium (nodes 1 and 201) is imposed a sinusoidal acceleration excitation  sin t with 
 0 5sect  . The right boundary of the medium (nodes 202 and 402) is a nonreflecting 
boundary (Abaqus 2007). The material properties for this verification are the bulk 
modulus 92.25 10rB    N/m2 and the fluid density 1000r   kg/m3. The numerical and 
analytical results are compared in Figure 6.21. It is shown in Figure 6.21 that the two 
hydrodynamic pressure responses are perfectly matched.  
 
 
 
 
Figure 6.21 Comparison of analytical and numerical solutions at Nodes 201 and 402 
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6.6. Earthquake Response of Concrete Gravity Dam 
 
A further verification is performed concerning the response of the Koyna Dam to the 
Koyna Earthquake. The verification is developed based on the investigation by Chopra 
and Chakrabarti (1973). Two cases are considered. For the first case, the dam-reservoir 
interaction is not modeled. For the second case, the hydrodynamic pressure effect is 
modeled using Westergaard’s added mass technique (Westergaard 1933). In both cases, 
the foundation is assumed to be rigid and only the transverse component of the Koyna 
Earthquake record to be shown in Figure 7.8 is considered. Table 6.3 presents the 
comparison of the first four natural frequencies for the computed results and the reference 
solutions. Table 6.4 presents the comparison of the relative displacement at the dam crest 
for the computed results and the reference solutions. It is shown in Table 6.3 and Table 
6.4 that the numerical model of the dam produces results fairly close to the reference 
solutions. 
 
Table 6.3 Comparison of the first four natural frequencies 
Mode No. Natural Frequency (Hz) 
Computed Chopra and Chakrabarti (1973) 
1 3.08 3.07 
2 8.22 8.20 
3 10.82 10.75 
4 15.96 15.87 
 
 
 
Table 6.4 Comparison of the relative displacement at the dam crest 
Case No. Relative Displacement at the Dam Crest (inch) 
Computed Chopra and Chakrabarti (1973) 
1 1.23  1.23 
2 1.73 1.77 
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7. CHAPTER 7: APPLICATION 
 
Chapter 7 analyzes the effect of spatially variable ground motions on the 2D response of 
concrete gravity dams. The numerical modeling of concrete gravity dams involves 
material nonlinearities (the concrete in the body of the dam, the foundation material, and 
the water in the reservoir), geometric nonlinearities (contact between the dam and the 
foundation, the dam and the reservoir, and the reservoir and the foundation, the latter also 
including the effect of the sediment deposits), and the influence of the infinite foundation 
and reservoir domains. Sensitivity analyses are first conducted to examine the effect of 
infinite domains, commonly used simplifications in the modeling of the reservoir, and the 
nonlinearities in the foundation rock, including its approximation as a jointed material. 
The numerical model is then utilized to reproduce the 2D cross section of the Koyna Dam 
in India, which was severely damaged during the 1967 Koyna Earthquake. The damage 
patterns observed in the actual dam and in limited shake-table experimental studies are 
well reproduced by the numerical model. Finally, the model is subjected to spatially 
variable excitations incorporating the wave passage effect with values for apparent 
propagation velocities consistent with the source-site geometry and the shear wave 
velocity in the foundation rock. 
 
7.1. The Koyna Dam and the Koyna Earthquake 
 
The Koyna Dam, situated in the Maharashtra State, is part of the Koyna Hydroelectric 
Project, which aims to supply water to western Maharashtra as well as hydropower to the 
neighboring areas. It is located on the Koyna River, approximately 120 miles SSE of 
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Bombay. The existing Koyna Dam, completed in 1963, is a rubble concrete gravity dam 
of 853 length and 103 m height. The reservoir has a capacity of 2780×106 m3. The aerial 
view of the Koyna Dam is presented in Figure 7.1 (Google Earth, 2010). The overview of 
the dam with the numbers of monoliths is presented in Figure 7.2.  
 
 
 
 
Figure 7.1 Aerial view of the Koyna Dam (Source: “Koyna Dam, Maharashatra.” 
17º24'04.31'' N  73º45'05.28'' E Google Earth Imagery Date: 5/2/2010 Image Accessed 
Date: 2/15/2011  Image © 2011 GeoEye © 2011 Google) 
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Figure 7.2 Overview of the Koyna Dam (modified from Committee of Experts 1968) 
(The numbers shown in Figure 7.2 indicate the dam’s monolith numbers.) 
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Details of the foundation surface features and the dam monoliths are given in Figure 7.3. 
It is shown in Figure 7.3 that overflow sections are distributed from Monolith No. 18 to 
No. 24. Figure 7.4 portrays the geometry of a typical non-overflow monolith of the 
Koyna dam (e.g. Monoliths Nos. 15-17). The dam is founded on Deccan Traps, which are 
primarily massive basalts. 
 
The dam experienced an earthquake in the early morning of December 11, 1967. The 
earthquake was considered to be caused by a strike-slip rupture along a fault striking 
N26E and dipping at an angle of 66° towards N296° E (Tandon and Chaudhury 1968). 
Table 7.1 lists the focal parameters of the Koyna earthquake determined by the Central 
Water and Power Research Station (CWPRS) in Poona, India. The epicenter is estimated 
to be roughly 12 kilometers to the northwest of the dam (see Table 7.1). The epicenter 
located by the Central Water and Power Research Station is shown along with the dam in 
Figure 7.5 (Google Earth, 2010). Schematic diagram of the wave propagation mechanism 
of the Koyna Earthquake from the epicenter to the dam is presented in Figure 7.6. 
 
 
 
Table 7.1 Focal parameters of the Koyna Earthquake  (Gupta and Rastogi 1976) 
 
 
Agency 
Epicenter Origin Time 
(GMT) 
Magnitude 
(Mb) 
Depth 
(km) Latitude N. Longitude E.
Central Water and 
Power Research 
Station (CWPRS) 
 
17°31.1' 
 
73°43.9' 
 
22:51:17.0 
 
7.0 
 
12 
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Figure 7.3 Plan view of the Koyna Dam and its foundation’s surface topography  
(modified from Committee of Experts 1968; Chopra and Chakrabarti 1971) 
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Figure 7.4 Geometry of a typical non-overflow section of the Koyna Dam 
(e.g. Monolith Nos. 15-17) (modified from Chopra and Chakrabarti 1971, 1973) 
 
 
 
  
94 
 
 
 
 
 
Figure 7.5 Epicenter of the Koyna Earthquake  
(Source: “Epicenter by CWPRS and the Koyna Dam” 17º27'28.51'' N 73º45'50.86'' E 
Google Earth Imagery Date: 5/2/2010 Image Accessed Date: 2/15/2011  Image © 2011 
GeoEye © 2011 Google) 
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(a) 
 
(b) 
 
(c) 
 
Figure 7.6 Schematic diagram of the wave propagation mechanism  
of the Koyna Earthquake from the epicenter to the Koyna Dam: 
(a) location of the epicenter and the dam (b) seismic wave propagation from the epicenter 
to the dam (c) geometric interpretation of a plane wave incident on the ground surface 
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Two strong motion accelerographs were deployed on the dam. One was placed in 
Monolith 13 close to the foundation. The other one was positioned at about mid-height of 
Monolith 1A. The approximate locations of the two seismolographs are marked in Figure 
7.3 and Figure 7.7. It was reported that the accelerometer on Monolith 13 had failed to 
work during the earthquake (Chopra and Chakrabarti, 1971). The accelerometer in 
Monolith 1A recorded the time histories of the event. It is worth mentioning that although 
the acceleration time histories were measured at about the mid-height of Monolith 1A, 
the accelerograms were normally regarded as a representative of the ground motions at 
the site (Chopra and Chakrabarti, 1971, 1973; Guha et. al. 1971). As illustrated in Figure 
7.7, the strong motions measured at Monolith 1A consists of three components, i.e. the 
horizontal component along the dam axis, the horizontal component transverse to the 
dam axis, and the vertical component. At this point, it should be mentioned that several 
versions of the recorded strong motions existed due to the processing of the records by 
different researchers (Krishna et al. 1969; Chopra and Chakrabarti 1971). The official 
version of the record is generally attributed to the accelerogram presented by Krishna et 
al. (1969) (Chopra and Chakrabarti 1971). The complete three components of this 
acceleration record are presented in the paper by Krishna et al. (1969). Figure 7.8 shows 
the horizontal component transverse to the dam axis and the vertical component, which 
are obtained from the example entitled “Seismic analysis of a concrete gravity dam” 
provided in Abaqus Example Problems Manual (2007). 
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Figure 7.7 Locations of the two deployed seismographs in the Koyna Dam and  
the strong motions recorded at the Monolith 1A 
 
 
 
 
Figure 7.8 The Koyna Earthquake accelerogram record:  
(a) transverse component (b) vertical component 
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The Fourier amplitude spectra and the response spectra for the Koyna Earthquake are 
presented in Figure 7.9. and Figure 7.10, respectively. The peak accelerations for the 
ground motions shown in Figure 7.8 are reported to be 0.41 g for the transverse 
component and 0.31 g for the vertical component. It is also noted that for both 
components, the strong shaking part of the motions occurs in the time interval 2-7 s. With 
respect to the Fourier amplitude spectra plotted in Figure 7.9, the maximum amplitudes 
for the transverse and vertical motions have the values of 0.0282 g at 8.301 Hz and 
0.0175 g at 8.301 Hz respectively, which corresponds to a predominant period of 0.12 s. 
For the response spectra of the 3 % damping case shown in Figure 7.10, the periods that 
are associated with the highest acceleration responses are 0.12 s for the transverse 
acceleration record and 0.10 s for the vertical acceleration record.   
 
The Koyna Dam had moved violently during the Koyna Earthquake, especially at its 
central region (Committee of Experts 1968; Chopra and Chakrabarti 1971). The 
earthquake caused a considerable amount of damages to the Koyna Dam (Committee of 
Experts 1968), including the development of horizontal cracks on both the upstream and 
downstream faces of a number of the monoliths, and the development of cracks in other 
parts of the dam and in the foundation gallery, and significant leakage on the downstream 
face of the dam was observed in Monolith 26 (Figure 7.2 and Figure 7.3). The earthquake 
also caused local spalling of concrete along the vertical joints between monoliths 
presumably induced by differential movements of the neighboring monoliths. 
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Figure 7.9 Fourier amplitude spectra for the Koyna Earthquake:  
(a) transverse component (b) vertical component 
 
 
 
 
Figure 7.10 Response spectra for the Koyna Earthquake:  
(a) transverse component (b) vertical component 
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7.2. Numerical Model of the Koyna Dam 
 
7.2.1. Two-Dimensional Idealization 
 
The current practice of modeling concrete gravity dams follows a two-dimensional 
approach. In the 2-D modeling, a plane stress or plane strain condition is typically 
assumed depending on whether the contraction joints in the dam are unkeyed or keyed. 
For the 2-D model developed herein, the dam is modeled under the plane stress 
assumption. This assumption is dictated by the fact that the Koyna Dam monoliths were 
slipping and vibrating independently due to the presence of unkeyed contraction joints, as 
substantiated by the spalling of concrete and the leaking of water at the joints (Saini et al., 
1972; Chopra and Chakrabarti, 1973, 1981; Rea et al. 1975). The foundation is on the 
other hand assumed to be in a state of plane strain condition. This model, i.e. the plane 
stress condition for the dam and the plane strain condition for the foundation, has been 
used by Hall (1986) to study the earthquake response of the Pine Flat Dam.  
 
7.2.2. Finite Element Model of the System 
 
The 2-D finite element model of system is displayed in part (a) of Figure 7.11. The dam 
is modeled by 780 CPS4R elements (4-node bilinear plane stress solid continuum 
elements with reduced integration and hourglass control). The reservoir has a dimension 
of 385 m length and 91.74 m depth and is modeled by 4070 AC2D4 elements (4-node 
bilinear acoustic elements). The finite foundation domain is 840 m long and 420 m deep 
and is modeled by 7200 CPE4R solid elements (4-node bilinear continuum plane strain 
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elements with reduced integration and hourglass control). In addition, 300 CINPE4 
infinite elements (4-node bilinear plane strain solid continuum infinite elements), as 
indicated by the open elements in part (a) of Figure 7.11, are employed to simulate the 
foundation’s far field. The nodal and element output locations in the dam are shown in 
part (b) of Figure 7.11. 
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(a) 
 
(b) 
 
Figure 7.11 Finite element model for the Koyna dam-reservoir-foundation system:  
(a) mesh of the dam, the reservoir, and the foundation (b) output locations in the dam 
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7.2.3. Material Parameters 
 
The mechanical properties for the concrete, the water, and the rock used in this study are 
mostly drawn from those reported in the studies by Abaqus (2007), Chopra and 
Chakrabarti (1973), Dhawan et al. (2004), Karsan and Jirsa (1969), Lee and Fenves 
(1998), Murti et al. (1964), and Yang et al. (1996) . Table 7.2 provides a summary of the 
fundamental material parameters for the concrete, the water, and the rock.  
 
 
 
Table 7.2 Summary of the mechanical properties for the concrete, water, and rock 
 
Concrete 
Young’s modulus 3.1027×1010 Pa Chopra and Chakrabarti 1973 
Murti et al. 1964 
Poisson’s ratio 0.20 Chopra and Chakrabarti 1973 
Murti et al. 1964 
Density 2643 kg/m3 Chopra and Chakrabarti 1973 
Murti et al. 1964 
Dilation angle 36.31º Abaqus 2007 
Compressive initial yield stress 12.6×106 Pa Karsan and Jirsa 1969 
Abaqus 2007 
Compressive ultimate stress 27.11×106 Pa Karsan and Jirsa 1969 
Abaqus 2007 
Tensile failure stress 2.9×106 Pa Lee and Fenves 1998 
Fracture Energy 200 N/m Lee and Fenves 1998 
Water 
Bulk modulus 2.071×109 Pa Yang et al. 1996 
Density 1000 kg/m3 Yang et al. 1996 
Reservoir sediment reflection 
coefficient 
0.5 Remark 1* 
Rock 
Young’s modulus 1.686×1010 Pa Dhawan et al. 2004 
Poisson’s ratio 0.18 Dhawan et al. 2004 
Density 2701 kg/m3 Dhawan et al. 2004 
cohesion 6.0×105 Pa Dhawan et al. 2004 
Angle of friction 41º Dhawan et al. 2004 
Orientation of plane of weakness 52.5º Remark 2* 
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Remark 1* To rigorously consider the effect of the reservoir sediment deposits requires a 
multiphase modeling of the sediment layers at the bottom of the reservoir, which will 
require details such as material grain size, porosity, degree of saturation and hydraulic 
conductivity. The approach taken in this study characterizes the sediment deposits as a 
boundary governed by a wave reflection coefficient (Fenves and Chopra 1993, 1994).  
This coefficient is the ratio of the amplitude of the reflected wave to that of the incident 
wave, which depends on the properties of the sedimentary materials and the underlying 
rock in the foundation. When the coefficient is equal to one, it corresponds to full 
reflection of the waves impinging on the bottom. On the other hand, when the coefficient 
is equal to zero, it means that the energy is fully absorbed and there is no reflection. The 
wave reflection coefficient can be determined by in-situ measurements techniques (USSD 
2008). Due to the lack of experimental data on the wave reflection coefficient for the 
Koyna Reservoir, a wave reflection of 0.5, which represents partial absorption of the 
sediments, is chosen in this study. A more detailed account of the wave reflection 
coefficient is provided in the report by the United States Society on Dams (USSD 2008).  
 
Remark 2* Thorough consideration of the subsurface rock structure in the modeling of 
the foundation is difficult as the information on the geological conditions in the Koyna 
region is limited. The orientation of plane of weakness for the foundation rock is based 
on a jointed rock slope stability example provided in Abaqus’s Example Problems 
Manual (Abaqus 2007) and a sensitivity analysis of the effect of the orientation on the 
dam response (Section 7.5).   
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As reviewed in section 4.1, for a practical application of the damaged plasticity model, 
the input data require the definition of the nonlinear mechanical behavior and the damage 
variable under uniaxial tensile and compressive loading conditions. The concrete 
compressive nonlinear behavior utilized in this study is presented in the stress-strain and 
compressive damage variable-strain curve shown in Figure 7.12. On the other hand, the 
tensile stress and damage variable data are presented in terms of displacement shown in 
Figure 7.13.  
 
 
 
Figure 7.12 Concrete compressive inelastic behavior:  
(a) stress-strain curve (b) damage-strain curve 
 
 
 
 
Figure 7.13 Concrete tensile inelastic behavior:  
(a) stress-displacement curve (b) damage-displacement curve 
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It is noted that regarding the definition of concrete inelastic mechanical behavior, in 
Abaqus it is only necessary to specify the region outside the elastic range, i.e. the 
inelastic portion exemplified in Figure 4.1 and Figure 4.2. The development of the above 
compressive and tensile concrete inelastic curves is provided in Appendix A. 
 
Damping ratios of 3%, 5%, and7% are generally utilized in the seismic analysis of dams. 
Sensitivity analyses have been conducted for different damping ratio values, i.e. 3%, 5%, 
and 7%, to investigate the influence of damping ratio on the damage response of the dam. 
In the investigation, dam-reservoir -foundation interactions are not considered. The base 
of the dam is subjected to the transverse and vertical motions shown in Figure 7.8. The 
damage profiles for the three damping cases are presented in Figure 7.14. The contour 
variable DAMAGET ( td  in Section 4.1.1) in Figure 7.14 is termed as tension damage 
variable related to tensile failure of the material (Abaqus 2007). It is shown in Figure 
7.14 that the resulting crack profile in the fracture zone around the neck for the damping 
ratio of 3% (Part (a) of Figure 7.14) is more consistent with the general cracking profiles 
(Part (d) of Figure 7.14) from shake table experiments (Niwa and Clough 1980; Wilcoski 
et al. 2001) than those of 5% (Part (b) of Figure 7.14) and 7% (Part (c) of Figure 7.14). A 
more rigorous comparison between the numerical model and the shake table model is 
made in section 7.2.5. It is also noted that Chopra and Wang (Chopra and Wang 2010; 
Wang and Chopra 2010) indicated that a 5% percent damping ratio for the dam and the 
foundation tends to cause excessive energy dissipation in the overall dam-water-
foundation system. Hence, herein, Rayleigh stiffness proportional damping to provide a 3% 
damping ratio for the first mode of vibration of the linear structure is utilized. 
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(a)                                                                  (b) 
                                
(c)                                                                  (d) 
Figure 7.14 Damage profile of the dam body for different critical damping cases and the 
experimental cracking profile:(a), (b), and (c): damage profiles for 3%, 5%, and 7% 
critical damping ratios respectively (d) illustrative experimental profile (e.g. Niwa and 
Clough 1980; Wilcoski et al. 2001) 
 
 
 
7.2.4. Mesh Objectivity Analysis 
 
Prior to the evaluation of the seismic response of the dam-reservoir-sediment-foundation 
system, mesh objectivity analysis was conducted to examine the mesh sensitivity of the 
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finite element model of the dam. Two computational models, i.e. a medium mesh and a 
dense mesh, are created. The medium mesh, shown in part (a) of Figure 7.15 for the dam-
reservoir-foundation system contains 780 plane stress elements. The other model, shown 
in part (b) of Figure 7.15 utilizes 2275 plane stress elements. In order to simplify the 
problem, dam-reservoir and dam-foundation interactions are neglected. As indicated in 
Section 4.1, the concrete tensile nonlinear behavior is specified in terms of a stress-
displacement relationship. In addition, a viscosity parameter of 0.0018 (see Section 4.1) 
is added into the model. This small viscosity value was calibrated so that it provided 
desirable, but not excessive, amount of viscoplastic regularization for the model. The 
seismic input at the dam base is the transverse and vertical components of the Koyna 
Earthquake (Figure 7.8). The comparison of the results from the two mesh models are 
presented in Figure 7.16 and Figure 7.17. Figure 7.16 plots the horizontal acceleration at 
the dam crest. The tensile cracking behavior at the end of the earthquake duration is 
presented in Figure 7.17. It is concluded from Figure 7.16 and Figure 7.17 that the two 
models produce similar results, suggesting that the approach is objective. 
 
 
 
(a)                      (b)  
 
Figure 7.15 Models for mesh objectivity analysis: (a) medium mesh (b) dense mesh  
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Figure 7.16 Horizontal crest accelerations from the medium and dense mesh model 
 
 
 
 
                                              (a)                                                              (b) 
Figure 7.17 Tensile Damage Contours of the dam:  
(a) medium mesh model (b) dense mesh model 
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To validate the numerical model of the Koyna Dam, particularly its nonlinear behavior 
and damage patterns, a comparison is made with experimental data. For this purpose, a 
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presented in sections 7.2.3 and 7.2.4, and the results were compared with the outcome of 
a 1/20 scale shake table experiment of the Koyna Dam conducted by Wilcoski et al. 
(2001). The excitation utilized in the shake table test to induce nonlinear dam response 
was a sinusoidal motion with amplitude of 0.16 g, motion frequency of 14 Hz, and full 
amplitude duration of 5 sec (Wilcoski et al. 2001). The material properties, as listed in 
Table 7.3, for the small scale numerical model are based on similitude requirements from 
the shake table test descriptions (Wilcoski et al. 2001; Hall 2000) for most of the material 
properties, and from Ghaemmghami and Ghaemian (2006, 2008) and Bazant and Becq-
Giraudon (2002) for the fracture energy. The developed numerical model was subjected 
to the sinusoidal excitation used in the shake table test. The tensile damage profiles for 
3%, 5%, and 7% damping ratios are presented in Figure 7.18. It is seen in Figure 7.18 
that the 3% damping case has a better match with the crack observed in the shake table 
test model. 
 
 
 
Table 7.3 Material Properties of the Small Scale Numerical Model 
 
Material Property of the Small Scale Numerical Model 
Unit Weight 23.57 kN/m3 Wilcoski et al. 2001; Hall 2000 
Modulus of Elasticity 1.379 GPa Wilcoski et al. 2001; Hall 2000 
Poisson’s Ratio 0.20 Wilcoski et al. 2001; Hall 2000 
Compressive Strength 1.379 MPa Wilcoski et al. 2001; Hall 2000 
Tensile Strength 0.138 MPa Wilcoski et al. 2001; Hall 2000 
Fracture Energy 4.79 N/m Ghaemmghami and Ghaemian 2006, 2008; 
Bazant and Becq-Giraudon 2002 
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(a)                                                                  (b) 
                          
(c)                                                                  (d) 
Figure 7.18 Comparison of the small scale numerical model to shake table test model: 
(a), (b), and (c): damage profiles for 3%, 5%, and 7% critical damping ratios respectively; 
(d) experimental crack profile from the shake table test by Wilcoski et al. (2001) 
 
 
 
7.3. Influence of Nonlinear Fluid Behavior 
 
Numerical studies analyzing the seismic response of dams commonly assume that the 
behavior of the reservoir fluid is linear (e.g. Fenves and Chopra 1983, 1984). However, 
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under severe earthquake ground motions, the fluid in the reservoir can be vaporized into 
micro-bubbles, and the vapor bubbles may form a cavitated region, which is known as 
cavitation. Under these conditions, the fluid’s mechanical behavior becomes nonlinear. 
Cavitation occurs when the absolute pressure of the fluid pabs, i.e. sum of the static 
pressure ps (the hydrostatic pressure phs plus the atmospheric pressure patm), shown in part 
(a) of Figure 7.19, and the hydrodynamic pressure p, shown in part (b) of Figure 7.19, 
falls below its cavitation limit pcv.  
 
 
 
 
Figure 7.19 Static and hydrodynamic pressure at the upstream dam face:  
(a) static pressure ps (b) hydrodynamic pressure p (modified from Clough et al. 1984) 
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The physical mechanism underlying this phenomenon (Clough et al. 1984; Zhao et al. 
1992) can be described by the four phases illustrated in Figure 7.20. In the first phase 
(part (a) of Figure 7.20), the dam and the reservoir are in contact and moving together. 
This is shown on the left-hand side of the figure, in which a dam element and a water 
element located at height H are used to show the interaction detail of the dam and the 
reservoir. The right-hand side of Figure 7.20 shows the pressure acted on these two 
elements. It is shown in Figure 7.20 that in this phase the dam is interacting with the 
reservoir through the contact pressure pc. As the dam and the reservoir continue to 
accelerate, at some point, the absolute pressure turns into zero. Cavitation initiates in the 
reservoir (part (b) of Figure 7.20) because the water in the reservoir cannot withstand any 
tension. In this phase (part (b) of Figure 7.20), the interaction forces between the dam and 
the reservoir disappear. After the dam and the reservoir lose contact, the two bodies start 
to separate from each other (part (c) of Figure 7.20). Air may fill in the gap developed 
during the separation process and exert atmospheric pressure on both sides of the 
elements. The separation lasts until the dam and the reservoir come into contact again 
(part (d) of Figure 7.20). At the same time, the contact pressures pc at the dam-reservoir 
interface are resumed.  
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 7.20 Physical mechanism underlying cavitation: (a) contact phase before 
cavitation (b) cavitation phase (c) separation phase (d) contact phase after cavitation 
(after Clough et al. (1984) and Zhao et al. (1992)) 
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The purpose of this section is to obtain a qualitative evaluation of the influence the 
cavitation effect on the nonlinear response of the dam. In this evaluation, the cavitation 
pressure of the water is taken to be zero (Zienkiewicz et al. 1983). In other words, the 
water undergoes cavitation when its absolute pressure drops to zero. The nonlinear 
cavitation fluid behavior is simulated in Abaqus’s explict module (Abaqus/Explicit). Two 
scenarios, i.e. in the presence and absence of the cavitation effect, were evaluated. In both 
scenarios, the foundation is assumed to be rigid. The dam-reservoir interaction is realized 
by employing the surface-based fluid-structure coupling procedure illustrated in Section 
5.2. The earthquake excitations are the transverse and vertical motions of the Koyna 
Earthquake shown in Figure 7.8.  
 
The crest displacements on the upstream face of the dam relative to the ground are 
compared in Figure 7.21. The two displacement time histories are almost identical, 
although the response with cavitation yields slightly smaller amplitudes than that without 
cavitation. So it appears that cavitation has a tendency to lower the motion at the 
upstream dam face. This can be explained by the principle shown in Figure 7.20 (Clough 
et al. 1984). Part (b) of Figure 7.20 shows that when the dam accelerates in the 
downstream direction and deflects towards the reservoir side, the contact pressure will 
decrease gradually. If the contact pressure dies out eventually, cavitation will take place. 
In the course of cavitation, since the dam is displacing in the upstream direction and 
cavitation acts as if it is to restrain the reservoir from exerting forces to the upstream face 
of the dam, the upstream response of the dam is reduced.  
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Figure 7.21 Comparison of the horizontal crest displacements  
relative to the ground with and without the cavitation effect 
 
 
 
The maximum principal stress time histories at the upstream and downstream side of the 
dam are presented in Figure 7.22 and Figure 7.23, respectively, with and without the 
effect of cavitation. The maximum principal stress time histories with and without 
cavitation are essentially the same. On the upstream side of the neck, the stress 
considering cavitation is found to be slightly increased when compared to the stress 
neglecting cavitation (Figure 7.22). The peak maximum principal stresses with and 
without cavitation are 2.775 MPa and 2.770 MPa, respectively. The increase of stress on 
the upstream face is perhaps associated with contact after cavitation (Clough et al. 1984). 
As shown in part (d) of Figure 7.20, when the dam again meets with reservoir after 
cavitation and vibrates in the downstream direction, the contact pressure tends to increase 
the load on the dam, resulting in an increase of the upstream tensile stress. Generally, the 
overall stress response will depend on the combination from the increase due to contact 
after cavitation and the decrease due to separation during cavitation. On the upstream side, 
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the peak maximum principal stresses with and without cavitation are 2.882 MPa and 
2.907 MPa, respectively.  
 
 
 
 
Figure 7.22 Comparison of Maximum principal stresses at Element 2401 at the upstream 
face of the dam neck with and without the cavitation effect 
 
 
 
 
Figure 7.23 Comparison of Maximum principal stresses at Element 2420  
at the downstream face of the dam neck with and without the cavitation effect 
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response is not significant. This is consistent with the corresponding findings reported in 
other references (Al-Aidi and Hall 1989; Clough et al. 1984; Zhao et al. 1992; 
Zienkiewicz et al. 1983). 
 
7.4. Earthquake Input Mechanism 
 
In evaluating the earthquake performance of concrete dams, it has been recognized that 
the manner in which the seismic excitations are applied to the numerical model may 
affect the structural response. A commonly utilized approach is to perform first a 
deconvolution analysis of the original free-field earthquake ground motion to the desired 
depth, as illustrated in part (a) of Figure 7.24. The deconvolved motion is then applied at 
the base of the foundation and allowed to propagate upward through the foundation. 
However, the reliability of the results obtained with this approach depends, to a large 
extent, on the accuracy of the deconvolution process (Leger and Boughoufalah 1989). It 
is also noted that, in the deconvolution process, it is difficult to incorporate soil material 
nonlinearities and spatially variable seismic ground motions.  
 
An alternative approach is to specify the recorded free-field earthquake acceleration at 
the ground surface, which is shown in part (b) of Figure 7.24. The primary drawback of 
this approach, however, is that the motions at the level of the ground surface, where the 
free-field accelerations are exerted, are assumed not to be affected by the dam. On the 
other hand, the advantages of the approach are that deconvolution analyses are avoided 
and, theoretically, it is possible to specify any spatially varying ground motions as input 
excitations to the structure. Leger and Boughoufalah (1989) observed that this approach 
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and the deconvolution method gave similar results for uniform seismic motions, 
vertically incident waves, and linear models of the dam and the foundation. 
 
In view of the pros and cons of the earthquake input mechanisms, the present study 
imposes the spatially varying earthquake ground motions at the foundation surface.  
 
 
 
(a) 
 
(b) 
 
Figure 7.24 Earthquake input mechanism:  
(a) deconvolution input approach (b) direct input approach 
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7.5. Influence of Nonlinear Rock Behavior 
 
The mechanical behavior of the foundation rock is nonlinear, as the rock masses in the 
foundation are discontinuous, inhomogeneous, anisotropic, inelastic, and porous due to 
the presence of faults, joints, fractures, and other planes of weakness. The existence of 
these discontinuities can affect the strength and deformation of the rock masses, and, 
subsequently, the response of the dam. In additional, these planes of weakness may also 
cause scattering of the incident seismic waves, causing the earthquake ground motions to 
become more “incoherent”. 
 
Presently, in the dynamic analysis of concrete gravity dams including foundation 
interaction, the foundation rock is normally treated as a continuum viscoelastic half space. 
If the nonlinear rock behavior is included, the rock masses are typically represented by 
the Mohr-Coulomb model, Drucker-Prager model, and the Hoek-Brown model (Hoek 
1983; Hoek and Brown 1982, 1997). In an effort to simulate the joint opening and sliding 
behavior within the rock masses, this study employs the jointed material model (Abaqus 
2007) mainly developed by Zienkiewicz and Pande (1977), which includes parallel joint 
surfaces of specific orientation in the foundation rock and simulates the opening and 
sliding of the joint. In this section, the influence of the nonlinear rock characteristics on 
the response of the dam is explored by examining the variation of joint orientation in the 
foundation rock and by comparing the performance of different rock constitutive models. 
 
7.5.1. Effect of Orientation of Plane of Weakness 
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The jointed material model utilized includes parallel joint surfaces of specific orientation 
in the foundation rock and is capable of simulating opening and sliding of the joints in the 
rock. Herein, the foundation rock is considered to contain one set of planes of weakness. 
The effect of joint orientation on the dam response is investigated by varying the 
orientation of the planes of weakness. The selected angles of orientation are 25º, 52.5º, 
75º, and 90º, which are measured in the counterclockwise direction with respect to the X 
axis (negative X direction in Figure 3.2). The results are presented in Figure 7.25-Figure 
7.29. It is shown that the orientations of the joint planes do not affect the response of the 
dam significantly, which can be attributed to the earthquake input mechanism utilized. It 
is anticipated that the differences may be more significant if the seismic excitations are 
applied on the truncated boundary of the foundation. In this case, the joint planes will 
cause the incident waves to change direction at the interfaces, making the input motions 
at the dam-foundation interface more incoherent. 
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Figure 7.25 Comparison of horizontal crest accelerations 
for different orientations of plane of weakness: (a) sub-plot (b) co-plot 
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Figure 7.26 Comparison of maximum principal stresses at Element 2420  
for different orientations of plane of weakness: (a) sub-plot (b) co-plot 
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Figure 7.27 Comparison of contact openings at the dam heel  
for different orientations of plane of weakness: (a) sub-plot (b) co-plot 
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Figure 7.28 Comparison of contact slippings at the dam toe  
for different orientations of plane of weakness: (a) sub-plot (b) co-plot 
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(a)                                                                (b) 
 
 
(c)                                                                (d) 
Figure 7.29 Tensile damage contours of the dam body  
for different orientations of plane of weakness: (a) 25º (b) 52.5º (c) 75º (d) 90º 
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7.5.2. Effect of Different Rock Material Models 
 
To examine the performance of different rock constitutive models, in additional to the 
jointed material model, the foundation rock is also modeled by the Mohr-Coulomb model. 
The foundation rock models are also found to have a minor effect on the dam response. 
The results are presented in Figure 7.30-Figure 7.34. The crest acceleration responses for 
the two models shown in Figure 7.30 virtually overlap.  
 
 
 
 
Figure 7.30 Comparison of horizontal crest acceleration for different rock models 
 
 
The differences in the stress response are slightly more significant as shown in Figure 
7.31 that presents the maximum principal stress time history on the downstream dam face. 
The contact opening and slipping profiles (Figure 7.32 and Figure 7.33) are fairly similar, 
although the slipping response is slightly more severe for the jointed rock model. In 
addition, the tensile damage patterns for these two rock models (Figure 7.34) are also 
found to be similar. In spite of the aforementioned minor differences, the results 
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presented in Figure 7.30-Figure 7.34 suggest that the two models produce very similar 
results. 
 
 
 
 
Figure 7.31 Comparison of maximum principal stresses  
at Element 2420 for different rock models 
 
 
 
 
Figure 7.32 Comparison of contact openings at the dam heel for different rock models 
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Figure 7.33 Comparison of contact slippings at the dam toe for different rock models 
 
 
 
 
                                                (a)                                                              (b) 
Figure 7.34 Tensile damage contours of the dam body for different rock models:  
(a) jointed material model (52.5º joint orientation) (b) Mohr-Coulomb model 
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7.6. Influence of Dam-Reservoir-Foundation Interaction 
 
This section concentrates on the dam-reservoir-foundation interaction, particularly the 
influence of different reservoir fluid models and the flexibility of the foundation on the 
dam’s response. It is noted that the existing Koyna Dam has a slightly inclined upstream 
dam face near the base of the dam, as shown in Figure 7.4, which has been modified in 
this analysis to a vertical face. This is to conform to the vertical upstream face 
assumption needed in two of the considered models, namely Westergaard’s added mass 
model (Westergaard 1933) and Darbre’s two-parameter model (Darbre 1998).  
 
The results are grouped into two categories. In the first category (category 1), shown in 
parts (a), (c), (e), and (g) of Figure 7.35, the influence of foundation interaction is 
excluded, i.e. the foundation is treated as a rigid base. In the other category (category 2), 
shown in parts (b), (d), (f), and (h) of Figure 7.35, the foundation’s flexibility is included. 
For both categories, the reservoir is modeled via four different approaches, i.e. no 
reservoir (parts (a) and (b) of Figure 7.35), reservoir represented by Westergaard’s added 
mass model (parts (c) and (d) of Figure 7.35), reservoir represented by Darbre’s two-
parameter model (parts (e) and (f) of Figure 7.35), and reservoir represented by finite 
elements (parts (g) and (h) of Figure 7.35). Westergaard’s added mass model and 
Darbre’s two-parameter model were described earlier in Section 4.3.2.  
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(a)                                                        (b) 
 
(c)                                                        (d) 
 
(e)                                                        (f) 
 
(g)                                                        (h) 
Figure 7.35 Illustration of the dam-reservoir-foundation system by different models:  
(a) dam without reservoir on rigid foundation (b) dam without reservoir on flexible 
foundation (c) dam with Westergaard’s added masses on rigid foundation (d) dam with 
Westergaard’s added masses on flexible foundation (e) dam with Darbre’s added masses 
and dampers on rigid foundation (f) dam with Darbre’s added masses and dampers on 
flexible foundation (g) dam with reservoir represented by finite elements on rigid 
foundation (h) dam with reservoir represented by finite elements on flexible foundation
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For the first category, for which the foundation interaction effect is neglected, the tensile 
damage contours for the four models of the dam at 10 sec are shown in parts (a)-(d) of 
Figure 7.36. Among these models, Darbre’s two-parameter model yields the lowest level 
of damage, which is attributed to the considerable amount of energy dissipated by the 
dampers in this model. The results for the finite element reservoir model and 
Westergaard’s added mass model are close, with Westergaard’s added mass model 
yielding a higher level of damage. The damage response for the model without the 
reservoir falls in between that for Darbre’s two-parameter model and those for the finite 
element model and Westergaard’s added mass model. It is noted that the damage band 
localized at the heel of the dam results from the assumption of the infinitely rigid 
foundation. In the second category, the infinitely rigid foundation is replaced by a 
flexible foundation. Similar damage response is observed for category 2, as shown in 
Figure 7.37. It is also shown in the second category that the crack-like bands at the dam 
heel disappear when the dam-foundation interaction is included. 
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(a)                                                                (b) 
 
(c)                                                                (d) 
Figure 7.36 Tensile damage contours of the dam at 10 sec for different fluid models 
(category 1: rigid foundation): (a) dam on rigid foundation (b) dam with Westergaard’s 
added masses on rigid foundation (c) dam with Darbre’s added masses and dampers on 
rigid foundation (d) reservoir represented by finite elements on rigid foundation 
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(a)                                                                (b) 
 
(c)                                                                (d) 
Figure 7.37 Tensile damage contours of the dam at 10 sec by different models (category 2: 
flexible foundation): (a) dam on flexible foundation (b) dam with Westergaard’s added 
masses on flexible foundation (c) dam with Darbre’s added masses and dampers on 
flexible foundation (d) reservoir represented by finite elements on flexible foundation 
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7.7. Influence of Spatial Variation of Earthquake Ground Motions 
 
The effect of spatial variability of surface ground motions is generally attributed to three 
causes: loss of coherency, local site effect, and wave passage effect (Zerva, 2009). This 
study addresses the latter cause, which results from the time delays in the arrival of the 
waveforms at distant locations.  
 
7.7.1. Description of Input Excitation 
 
To account for the wave passage effect, the horizontal and vertical records of the Koyna 
Earthquake record shown in Figure 7.8 are assumed to propagate on the ground surface. 
Based on the epicenter and focal depth of the Koyna Earthquake as well as the shear 
wave velocity of the foundation rock, the apparent propagation velocity is estimated to be 
roughly vapp= 2300 m/sec. For sensitivity purposes, two faster apparent propagation 
velocities, i.e. 3800 m/sec, and 4600 m/sec, are also selected. The spatially variable 
seismic excitations are then modeled by the propagation of horizontally and vertically 
travelling seismic waves with the three apparent propagation velocities. In addition, to 
represent the condition of uniform earthquake excitation, an infinite apparent propagation 
velocity is considered.  
 
After the earthquake input motions are generated, they are specified at each of the 
foundation surface nodes. Figure 7.38 illustrates the nodal distribution on the foundation 
surface. The simulated ground motions utilized as input excitations at the leftmost node 
(Node 1007535) and rightmost node (Node 1007775) of the foundation surface for the 
136 
 
aforementioned four earthquake loading scenarios are plotted in Figure 7.39-Figure 7.40. 
Noticeably the wave passage effect caused by the time delay in the arrival of waveforms 
at different locations is well manifested in Figure 7.39-Figure 7.40. 
 
 
 
 
Figure 7.38 Illustration of the nodal distribution on the foundation surface 
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Figure 7.39 Horizontal input excitations at the foundation surface:  
(a) Node 1007535 (b) Node 1007775 
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Figure 7.40 Vertical input excitations at the foundation surface:  
(a) Node 1007535 (b) Node 1007775 
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7.7.2. Free Vibration Analysis 
 
The determination of the vibration eigenfrequencies and eigenmodes of the fluid-solid 
coupled system is conducted in this section through a natural frequency evaluation. 
Generally, each mode obtained by this procedure has contributions from both the fluid 
and the solid domain. Apparently, the coupling effect of the fluid-solid interaction 
depends on the characteristics of the solid and the fluid medium. For example, if the 
frequency values of the pure solid part are close to those of the pure fluid part, a strong 
coupling effect of the fluid and the solid may exist. But, on the other hand, if the 
frequencies are not in the same range, the coupling effect is less significant. Some of the 
modes may exhibit predominant participations from the structure, and are referred to as 
the modes dominated by the structure. For these modes, the presence of the fluid may 
have a comparatively minor effect on the structural response. Therefore, the modal 
characteristics of the dam, the reservoir, and the foundation are first examined separately, 
and then the coupled system is built. After gaining insight in the individual modal 
behavior of the system’s components, the analyses can then be extended to the dam-
reservoir system and eventually progressed to the dam-reservoir-foundation system. 
 
The Dam 
The evaluation of the natural frequencies of the Koyna Dam considers the plain stress 
conditions and neglects the dam-reservoir-foundation interaction. The computed natural 
frequencies are provided in Table 7.4. Their corresponding mode shapes normalized with 
respect to displacement, i.e. the eigenvectors are normalized so that the largest 
displacement entry in each vector is unity (Abaqus 2007), are shown in Figure 7.41. The 
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higher modes of the dam are also evaluated, in which the dense mesh shown in part (b) of 
Figure 7.15. Table 7.5 summarizes the first twelve natural frequencies of the dam. Figure 
7.55 presents the first twelve modes. 
 
 
 
Table 7.4 Natural frequencies of the Koyna Dam using medium mesh 
Mode No. Natural Frequency (Hz) 
1 3.07 
2 8.20 
3 10.82 
4 15.88 
5 24.15 
6 24.25 
7 24.52 
8 29.92 
9 31.38 
10 33.15 
11 35.62 
12 36.56 
 
 
 
Table 7.5 Natural frequencies of the Koyna Dam using dense mesh 
Mode No. Natural Frequency (Hz) 
1 3.08 
2 8.23 
3 10.82 
4 15.98 
5 24.27 
6 24.39 
7 33.55 
8 35.77 
9 38.08 
10 40.83 
11 44.22 
12 46.02 
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(a)                                                                  (b) 
 
(c)                                                                  (d) 
Figure 7.41 Mode shapes for the medium mesh dam model:  
(a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4 
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(a)                                              (b)                                             (c) 
 
(d)                                              (e)                                             (f) 
 
(g)                                              (h)                                             (i) 
 
(j)                                              (k)                                             (l) 
 
Figure 7.42 Mode shapes for the dense mesh dam model:  
(a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4 (e) Mode 5 (f) Mode 6 (g) Mode 7  
(h) Mode 8 (i) Mode 9 (j) Mode 10 (k) Mode 11 (l) Mode 12 
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The Reservoir 
Given a finite rectangular reservoir with a dimension of length 385 m and height 91.74 m 
impounded by a rigid dam and supported on a rigid foundation, the analytical natural 
frequencies for the given problem are derived in Appendix B. The comparison of the 
analytical and numerical results is presented in Table 7.6. 
 
 
 
Table 7.6 Analytical and computed natural frequencies for finite reservoir 
Mode No. Natural Frequency (Hz) 
Analytical Computed 
1 4.03 4.03 
2 4.82 4.82 
3 6.10 6.10 
4 7.63 7.62 
5 9.28 9.27 
6 11.00 10.99 
7 11.80 11.79 
8 12.09 12.08 
9 12.66 12.64 
10 12.77 12.74 
 
 
 
As indicated in Appendix B, when the length of the reservoir tends to infinity, the 
dependence of reservoir length on the natural frequency will drop off, and the natural 
frequency will be controlled by the reservoir height. A reservoir model is developed to 
verify this prediction. To simulate the semi-unbounded size of the reservoir, a very long 
reservoir length (1000000 m) is used to eliminate the influence of the finite reservoir. The 
numerical results are presented in Table 7.7, which shows that the numerical results are in 
excellent agreement with the analytical solutions.  
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Table 7.7 Analytical and computed natural frequencies for infinite reservoir 
Mode No. Natural Frequency (Hz) 
Analytical Computed 
1 3.92 3.92 
2 11.77 11.77 
3 19.61 19.61 
4 27.45 27.45 
5 35.30 35.30 
6 43.14 43.14 
7 50.98 50.98 
8 58.83 58.83 
9 66.67 66.68 
10 74.51 74.53 
 
 
It is noted that for the real Koyna Dam, a small slope is present on the upstream face of 
the dam near the heel of the dam (Figure 7.4), when this small inclination is included in 
the reservoir model, the computed natural frequencies are presented in Table 7.8.  
 
Table 7.8 Computed natural frequencies for finite reservoir 
with an inclined dam-reservoir interface 
 
Mode No. Natural Frequency (Hz) 
1 4.04 
2 4.82 
3 6.09 
4 7.61 
5 9.25 
6 10.97 
7 11.79 
8 12.08 
9 12.63 
10 12.72 
11 13.43 
12 14.41 
13 14.49 
14 15.55 
15 16.28 
16 16.82 
 
145 
 
The Foundation 
Consider a rectangular elastic foundation embedded in a rigid half-space, i.e. the bottom 
and side boundaries of the foundation ( fsb  in Figure 3.2) are fixed. For this foundation 
with dimensions of 840 m length and 420 m depth and with material properties given in 
Table 7.2, the computed natural frequencies for the first ten modes are displayed in Table 
7.9.  
 
 
 
Table 7.9 Natural frequencies for the foundation 
Mode No. Natural Frequency 
(Hz) 
1 1.71 
2 1.79 
3 2.14 
4 2.80 
5 3.14 
6 3.28 
7 3.65 
8 4.17 
9 4.31 
10 4.51 
 
 
 
The Dam-Reservoir System 
The dam-reservoir uncoupled system is analyzed next. In the uncoupled system, the solid 
behave as though the interface with the fluid were free, and the fluid behaves as though 
the boundary with the solid were rigid. The results from the solid part alone and the fluid 
part alone, i.e. the results from Table 7.4 and Table 7.8, are then combined and sorted in 
an ascending order in Table 7.10. Table 7.10 indicates that the natural frequencies of the 
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reservoir are close to those of the dam, which suggests that the coupling effects between 
the dam and the reservoir may not be negligible. 
 
 
 
Table 7.10 Uncoupled frequencies for the dam-reservoir system 
 
Mode No. Uncoupled Frequency (Hz) Description 
1 3.07 Dam 
2 4.04 Reservoir 
3 4.82 Reservoir 
4 6.09 Reservoir 
5 7.61 Reservoir 
6 8.20 Dam 
7 9.25 Reservoir 
8 10.82 Dam 
9 10.97 Reservoir 
10 11.79 Reservoir 
11 12.08 Reservoir 
12 12.63 Reservoir 
13 12.72 Reservoir 
14 13.43 Reservoir 
15 14.41 Reservoir 
16 14.49 Reservoir 
17 15.55 Reservoir 
18 15.88 Dam 
19 16.28 Reservoir 
20 16.82 Reservoir 
 
 
 
When the coupling effect between the dam and the reservoir is incorporated, each 
eigenmode has nonzero components on both the solid and fluid parts. The results for the 
coupled dam-reservoir system are presented in Table 7.11. 
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Table 7.11 Coupled frequencies for the dam-reservoir system 
Mode No. Coupled Frequency 
(Hz) 
Generalized Mass 
(Acoustic Fraction) 
Description 
1 2.79 0.22370 Coupled mode 
2 4.05 0.93084 Coupled mode 
3 4.79 0.95501 Coupled mode 
4 5.98 0.94007 Coupled mode 
5 7.25 0.74233 Coupled mode 
6 8.14 0.60162 Coupled mode 
7 9.39 0.90165 Coupled mode 
8 10.71 0.17245 Coupled mode 
9 11.05 0.84843 Coupled mode 
10 11.83 0.97737 Coupled mode 
11 12.11 0.96596 Coupled mode 
12 12.58 0.97507 Coupled mode 
13 12.83 0.96017 Coupled mode 
14 13.43 0.94845 Coupled mode 
15 14.22 0.86723 Coupled mode 
16 14.57 0.97107 Coupled mode 
17 15.09 0.62439 Coupled mode 
18 15.76 0.85877 Coupled mode 
19 16.37 0.95133 Coupled mode 
20 16.91 0.96207 Coupled mode 
 
 
 
As mentioned earlier, there are the modes dominated by the structure. In these modes, the 
reservoir exerts a relatively small effect on the dam-reservoir system, which also 
corresponds to the low fluid contribution to the generalized masses indicated by the 
acoustic fraction shown in Table 7.11. The acoustic fraction indicates the influence of the 
acoustic portion on the fluid-structure coupled system. The closer the value of this 
fraction is to unity, the more pronounced is the acoustic component of this eigenmode. 
On the contrary, the closer the value of this fraction is to zero, the less pronounced is the 
acoustic component of this eigenmode. The modes dominated by the structure are shown 
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in Table 7.11 as Modes 1,6, 8, and 17. Their corresponding mode shapes are displayed in 
Figure 7.43. 
 
 
 
 
(a)                                                                         (b) 
 
(c)                                                                         (d) 
Figure 7.43 Structural resonance mode shapes for the dam-reservoir system:  
(a) Mode 1 (b) Mode 6 (c) Mode 8 (d) Mode 17 
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The Dam-Reservoir-Foundation System 
In a manner similar to the analyses carried out in the dam-reservoir case, the modal 
analysis of the dam-reservoir-foundation system is investigated. Table 7.12 and Table 
7.13 present respectively the uncoupled and coupled natural frequencies for the model.  
 
 
 
Table 7.12 Uncoupled frequencies for the dam-reservoir-foundation system 
Mode No. Uncoupled Frequency (Hz) Description 
1 1.71 Foundation 
2 1.79 Foundation 
3 2.14 Foundation 
4 2.80 Foundation 
5 3.07 Dam 
6 3.14 Foundation 
7 3.28 Foundation 
8 3.65 Foundation 
9 4.04 Reservoir 
10 4.17 Foundation 
 
 
 
Table 7.13 Coupled frequencies for the dam-reservoir-foundation system 
Mode No. Coupled Frequency 
(Hz) 
Generalized Mass 
(Acoustic Fraction) 
Description 
1 1.60 0.1034700 Coupled mode 
2 1.66 0.0792768 Coupled mode 
3 1.98 0.0716240 Coupled mode 
4 2.26 0.1706900 Coupled mode 
5 2.67 0.0975567 Coupled mode 
6 3.12 0.0321519 Coupled mode 
7 3.20 0.0813128 Coupled mode 
8 3.51 0.1583000 Coupled mode 
9 3.77 0.4660300 Coupled mode 
10 3.97 0.0846017 Coupled mode 
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Comparing the natural frequencies of the separate parts of the dam-reservoir-foundation 
system given in Table 7.12, it is seen that the frequencies are closely spaced, indicating a 
strong interaction between the dam, the reservoir, and the foundation. This strong 
coupling effect is manifested in Table 7.13. Figure 7.44 presents the first ten modes of the 
dam. 
 
An interesting case arises when the reservoir is assumed to be empty in the dam-
reservoir-foundation system. In this case, the natural frequencies of the coupled dam-
foundation system are listed in Table 7.14. The first ten modes of the dam are shown in 
Figure 7.45. 
 
 
 
Table 7.14 Coupled frequencies for the dam-foundation system 
Mode No. Coupled Frequency (Hz) Description 
1 1.67 Coupled mode 
2 1.72 Coupled mode 
3 2.05 Coupled mode 
4 2.46 Coupled mode 
5 2.77 Coupled mode 
6 3.13 Coupled mode 
7 3.27 Coupled mode 
8 3.68 Coupled mode 
9 4.04 Coupled mode 
10 4.31 Coupled mode 
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                                (a)                                               (b)                                             (c) 
 
                                (d)                                               (e)                                             (f) 
   
                                (g)                                               (h)                                             (i) 
   
                                (j) 
 
Figure 7.44 Mode shapes for the dam-reservoir-foundation system:  
(a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4 (e) Mode 5 (f) Mode 6 (g) Mode 7  
(h) Mode 8 (i) Mode 9 (j) Mode 10 
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                                (a)                                               (b)                                             (c) 
 
 
                                (d)                                               (e)                                             (f) 
   
                                (g)                                               (h)                                             (i) 
   
                                (j) 
 
Figure 7.45 Figure Mode shapes for the dam-foundation system:  
(a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4 (e) Mode 5 (f) Mode 6 (g) Mode 7  
(h) Mode 8 (i) Mode 9 (j) Mode 10 
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7.7.3. Linear Earthquake Response Analysis 
 
The performance of the dam-reservoir-sediment-foundation system subjected to the four 
aforementioned propagating seismic ground motions is examined. The analysis results 
from the examination of the wave passage effect on the linear response of the dam are 
presented in this section. For the linear model, the response of the dam is illustrated with 
the accelerations at the dam crest, the stresses at the heel and neck of the dam. The nodal 
and element output positions in the dam are shown in Figure 7.46. 
 
 
 
 
Figure 7.46 Output locations at the heel, neck, and crest of the dam 
 
 
 
Acceleration at the Dam Crest 
Figure 7.47 compares the acceleration response at the crest of the dam for the four input 
motion cases.  
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Figure 7.47 Horizontal crest acceleration at Node 3901 of the linear model for different 
propagation velocity cases: (a) sub-plot (b) co-plot 
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The maximum peak accelerations are determined to be 2.290 g for the infinite 
propagation velocity case, 2.676 g for 4600 m/s propagation velocity case, 2.770 g for the 
3800 m/s propagation velocity case, and 2.734 g for the 2300 m/s propagation velocity 
respectively. It is found that in all the earthquake loading scenarios major large peak 
accelerations are distributed in the time range from approximately 2 sec to approximately 
6 sec. In contrast to the uniform input motion case, the nonuniform excitations lead to a 
higher response amplitude over the duration of the earthquake motion. With respect to the 
crest acceleration response for the linear model, a general trend of increasing acceleration 
response with decreasing propagation velocity is observed. 
 
Stress at the Dam Heel and Neck 
The maximum and minimum principal stress time histories for the four input motion 
scenarios are compared in Figure 7.48-Figure 7.53. Figure 7.48, Figure 7.50, and Figure 
7.52 show the maximum principal stress time histories at Element 1 located at the heel of 
the dam, at Element 2401 located on the upstream face of the dam neck, and at Element 
2420 located on the downstream face of the dam neck, respectively. The corresponding 
minimum principal time histories are plotted in Figure 7.49, Figure 7.51, and Figure 7.53.  
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Figure 7.48 Maximum principal stress time history at Element 1 of the linear model for 
different propagation velocity cases: (a) sub-plot (b) co-plot 
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Figure 7.49 Minimum principal stress time history at Element 1 of the linear model for 
different propagation velocity cases: (a) sub-plot (b) co-plot 
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Figure 7.50 Maximum principal stress time history at Element 2401 of the linear model 
for different propagation velocity cases: (a) sub-plot (b) co-plot 
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Figure 7.51 Minimum principal stress time history at Element 2401 of the linear model 
for different propagation velocity cases: (a) sub-plot (b) co-plot 
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Figure 7.52 Maximum principal stress time history at Element 2420 of the linear model 
for different propagation velocity cases: a) sub-plot b) co-plot 
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Figure 7.53 Minimum principal stress time history at Element 2420 of the linear model 
for different propagation velocity cases: (a) sub-plot (b) co-plot 
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It is shown in Figure 7.48-Figure 7.53 that the stress response for excitations including 
spatial variation of earthquake ground motions are larger than those for the uniform input 
case and that the stress response tends to increase, in general, as the apparent propagation 
velocity decreases, which is consistent with the observation on the crest acceleration. In 
all the four input motion cases, for those three locations at the dam, the largest maximum 
principal stresses have exceeded the tensile strength of the concrete (2.9 MPa), 
suggesting the likelihood of tensile damage in these areas. A summary of the critical 
values of the maximum and minimum principal stress time histories of Figure 7.48-
Figure 7.53 as well as the corresponding occurring times is provided in Table 7.15-Table 
7.18.  
 
 
 
Table 7.15 Summary of critical maximum and minimum principal stresses at dam heel 
and neck of the linear model for infinite velocity propagation case 
 
 
Location 
 
Element No. 
Critical Stress State 
Maximum Principal Stress Minimum Principal Stress 
Value (MPa) Time (sec) Value (Mpa) Time (sec) 
Heel 1 3.981 4.120 -6.687 4.320 
Neck(upstream) 2401 3.834 4.160 -6.708 4.630 
Neck(downstream) 2420 8.429 4.270 -9.283 4.450 
 
 
 
Table 7.16 Summary of critical maximum and minimum principal stresses at dam heel 
and neck of the linear model for 4600 m/s velocity propagation case 
 
Location 
 
Element No. 
Critical Stress State 
Maximum Principal Stress Minimum Principal Stress 
Value (MPa) Time (sec) Value (Mpa) Time (sec) 
Heel 1 6.790 3.860 -10.268 4.410 
Neck(upstream) 2401 4.636 4.250 -7.135 4.360 
Neck(downstream) 2420 9.385 4.360 -10.239 4.250 
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Table 7.17 Summary of critical maximum and minimum principal stresses at dam heel 
and neck of the linear model for 3800 m/s velocity propagation case 
 
Location 
 
Element No. 
Critical Stress State 
Maximum Principal Stress Minimum Principal Stress 
Value (MPa) Time (sec) Value (Mpa) Time (sec) 
Heel 1 7.050 4.240 -6.478 2.630 
Neck(upstream) 2401 4.924 4.260 -7.266 4.380 
Neck(downstream) 2420 9.588 4.380 -10.725 4.270 
 
 
 
Table 7.18 Summary of critical maximum and minimum principal stresses at dam heel 
and neck of the linear model for 2300 m/s velocity propagation case 
 
Location 
 
Element No. 
Critical Stress State 
Maximum Principal Stress Minimum Principal Stress 
Value (MPa) Time (sec) Value (Mpa) Time (sec) 
Heel 1 8.458 4.300 -7.246 2.690 
Neck(upstream) 2401 5.160 4.330 -7.174 4.440 
Neck(downstream) 2420 9.263 4.440 -11.084 4.340 
 
 
 
To visualize the stress distribution in the dam for the critical stress states presented in 
Table 7.15-Table 7.18, Figure 7.54-Figure 7.57 display the maximum and minimum 
principal stress contours. It is noted that in these contours, the deformation of the dam has 
been enlarged by a scale factor of 100. 
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(a) (b)  
 
(c) (d)  
 
(e) (f)  
Figure 7.54 Maximum and minimum principal stress contour of the dam body of the 
linear model for the infinite propagation velocity case  (deformation scale factor: 100):  
(a) maximum principal stress at 4.120 sec (b) minimum principal stress at 4.320 sec (c) 
maximum principal stress at 4.160 sec (d) minimum principal stress at 4.630 sec (e) 
maximum principal stress at 4.720 sec (f) minimum principal stress at 4.450 sec
165 
 
(a)  (b)  
 
(c) (d)  
 
(e)  (f)  
Figure 7.55 Maximum and minimum principal stress contour of the dam body of the 
linear model for the 4600 m/s propagation velocity case  (deformation scale factor: 100): 
(a) maximum principal stress at 3.860 sec (b) minimum principal stress at 4.410 sec (c) 
maximum principal stress at 4.250 sec (d) minimum principal stress at 4.360 sec (e) 
maximum principal stress at 4.360 sec (f) minimum principal stress at 4.250 sec
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(a)  (b)  
 
(c)  (d)  
 
(e)  (f)  
Figure 7.56 Maximum and minimum principal stress contour of the dam body of the 
linear model for the 3800 m/s propagation velocity case  (deformation scale factor: 100): 
(a) maximum principal stress at 4.240 sec (b) minimum principal stress at 2.630 sec (c) 
maximum principal stress at 4.260 sec (d) minimum principal stress at 4.380 sec (e) 
maximum principal stress at 4.380 sec (f) minimum principal stress at 4.270 sec
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(a)  (b)  
 
(c) (d)  
 
(e) (f)  
Figure 7.57 Maximum and minimum principal stress contour of the dam body of the 
linear model for the 2300 m/s propagation velocity case  (deformation scale factor: 100): 
(a) maximum principal stress at 4.300 sec (b) minimum principal stress at 2.690 sec (c) 
maximum principal stress at 4.330 sec (d) minimum principal stress at 4.440 sec (e) 
maximum principal stress at 4.440 sec (f) minimum principal stress at 4.340 sec
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It is observed in parts (a) of Figure 7.54-Figure 7.57 that at t = 4.120 sec, t = 3.860 sec, t 
= 4.240 sec, and t = 4.300 sec the crest of the dam vibrates in the downstream direction, 
showing that the heel of the dam is in tension. At these times the maximum principal 
stress in Element 1 at the heel is 3.981 MPa for the infinite propagation case, 6.790 MPa 
for the 4600 m/s propagation case, 7.050 MPa for the 3800 m/s propagation case, and 
8.458 MPa for the 2300 m/s propagation case respectively. Parts (b) of Figure 7.54-
Figure 7.57 show that at times t = 4.320 sec, t = 4.410 sec, t = 2.630 sec, and t = 2.690 
sec, the crest of the dam vibrates in the upstream direction, indicating that the heel of the 
dam is under compression. At these time instances, the minimum principal stress in 
Element 1 is -6.687 MPa for the infinite propagation case, -10.268 MPa for the 4600 m/s 
propagation case, -6.478 MPa for the 4600 m/s propagation case, and -7.246 MPa for the 
2300 m/s propagation case respectively.  
 
At the upstream face of the neck of the dam (Element 2401), as the upper block of the 
dam oscillates towards the downstream side at times t = 4.160 sec (part (c) of Figure 
7.54), t = 4.250 sec (part (c) of Figure 7.55), t = 4.260 sec (part (c) of Figure 7.56), and t 
= 4.330 sec (part (c) of Figure 7.57), the upstream face of the neck is being stretched. At 
these time instances, Table 7.15-Table 7.18 show that the relevant maximum principal 
stresses in Element 2401 are 3.834 MPa, 7.135 MPa, 7.267 MPa, and 5.160 MPa 
respectively. At times t = 4.630 sec (part (d) of Figure 7.54), t = 4.250 sec (part (d) of 
Figure 7.55), t = 4.260 sec (part (d) of Figure 7.56), and t = 4.440 sec (part (d) of Figure 
7.57), as the upper block of the dam oscillates towards the upstream side, the upstream 
face of the neck is being compressed, the minimum principal stress is -6.708 MPa for the 
infinite propagation case, -4.636 MPa for the 4600 m/s propagation case, -4.924 MPa for 
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the 3800 m/s propagation case, and -7.174 MPa for the 2300 m/s propagation case. On 
the downstream side of the neck of the dam (Element 2420), when the top part of the dam 
moves upstream at times t = 4.270 sec (part (e) of Figure 7.54), t = 4.250 sec (part (e) of 
Figure 7.55), t = 4.270 sec (part (e) of Figure 7.56) , and t = 4.440 sec (part (e) of Figure 
7.57), corresponding to tension for the downstream side of the neck, the maximum 
principal stress in Element 2420 is 8.429 MPa for the infinite propagation case,  10.290 
MPa for the 4600 m/s propagation case, 10.725 MPa for the 3800 m/s propagation case, 
and 9.263 MPa for the 2300 m/s propagation case. At times t = 4.450 sec (part (f) of 
Figure 7.54), t = 4.360 sec (part (f) of Figure 7.55), t = 4.380 sec (part (f) of Figure 7.56), 
and t = 4.340 sec (part (f) of Figure 7.57), as the upper block of the dam moves 
downstream, corresponding to compression for the downstream side of the neck, the 
minimum principal stress is -9.283 MPa for the infinite propagation velocity case, -9.385 
MPa for the 4600 m/s propagation velocity case, -9.588 MPa for the 3800 m/s 
propagation velocity case, and -11.084 MPa for the 2300 m/s propagation velocity case. 
The principal stress results of the linear response analyses presented and discussed earlier 
clearly show that the responses of the stresses for the nonuniform input motion cases are 
higher than those for the uniform case. The results also indicate that, at the heel and neck 
of the dam, while the minimum principal stresses still remain under the concrete’s 
compressive initial yield strength (12.60 MPa), the maximum principal stresses have 
exceeded the tensile strength of the concrete (2.9 MPa), indicating that material yielding 
and tensile damage may have formed in these vulnerable regions.  
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7.7.4. Nonlinear Earthquake Response Analysis 
 
This section discusses the results from the nonlinear model. The results presented are the 
accelerations at the dam crest, the stresses at the heel and neck of the dam, the damage 
profiles in the dam body, and the deformations at the dam-foundation contact interface. 
 
Acceleration at the Dam Crest 
The nonlinear acceleration response at the dam crest for different input motion cases is 
presented in Figure 7.58. In the first 3.5 sec, a clear trend of increasing acceleration 
response with decreasing propagation velocity is observed for the four acceleration time 
histories, which is in line with the trend from the linear model, as for this time period, the 
structure basically responds in the linear range. During the time interval between 3.5 sec 
and 5 sec, the nonlinear acceleration response for the four input motion cases 
substantially deviate from those of the linear solutions, indicating that cracks have 
formed and propagated inside the dam. The damage caused by the cracks increases the 
vibration period of the system and renders the structure more flexible. After 5 sec and for 
the remainder of the time histories except for at about 7 sec, the response amplitude 
values are the highest for the 2300 m/sec propagation velocity case, followed in a 
descending order by the 3800 m/sec, 4600 m/sec, and infinite propagation velocity case.  
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Figure 7.58 Horizontal crest acceleration at Node 3901 of the nonlinear model for 
different propagation velocity cases: (a) sub-plot (b) co-plot 
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Concerning the three propagation velocity cases representing nonuniform seismic 
excitations, the response characteristics for a 4600 m/sec apparent propagation velocity 
and a velocity of 3800 m/sec are fairly similar. For these two propagation velocities, the 
total durations of the two time histories are 10.18 sec for 4600 m/sec and 10.22 sec for 
3800 m/s. Thus, the time delay in the arrival of the waves throughout the finite domain of 
the model does not play a considerable role.  On the other hand, even though the response 
acceleration time series for vapp=2300 m/sec appears, at first glance, similar to the other 
two (Figure 7.58), its peak value occurs earlier, and, during the time interval of the larger 
oscillations (approximately between 3 and 4.5 sec), the amplitude of the response is 
lower. This suggests that the slower apparent propagation velocity caused additional 
cracking and sliding of the structure than the faster propagation velocities. 
 
Stress at the Dam Heel and Neck 
The nonlinear maximum and minimum principal stress time histories at the heel and neck 
of the dam for both the uniform and nonuniform input motion cases are shown in Figure 
7.59-Figure 7.64.  
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Figure 7.59 Maximum principal stress at Element 1 of the nonlinear model for different 
propagation velocity cases: (a) sub-plot (b) co-plot 
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Figure 7.60 Minimum principal stress at Element 1 of the nonlinear model for different 
propagation velocity cases: (a) sub-plot (b) co-plot 
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Figure 7.61 Maximum principal stress at Element 2401 of the nonlinear model for 
different propagation velocity cases: (a) sub-plot (b) co-plot 
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Figure 7.62 Minimum principal stress at Element 2401 of the nonlinear model for 
different propagation velocity cases: (a) sub-plot (b) co-plot 
 
 
 
  
Time (sec)
M
in
im
um
 P
rin
ci
pa
l S
tre
ss
 (M
P
a)
0 1 2 3 4 5 6 7 8 9 10 11
-12
-8
-4
0
(a) sub-plot
In
fin
ity
0 1 2 3 4 5 6 7 8 9 10 11
-12
-8
-4
0
46
00
 m
/s
0 1 2 3 4 5 6 7 8 9 10 11
-12
-8
-4
0
38
00
 m
/s
0 1 2 3 4 5 6 7 8 9 10 11
-12
-8
-4
0
23
00
 m
/s
0 1 2 3 4 5 6 7 8 9 10 11
-12
-10
-8
-6
-4
-2
0
2
Time (sec)
M
in
im
um
 P
rin
ci
pa
l S
tre
ss
 (M
Pa
)
(b) co-plot
 
 
Infinity
4600 m/sec
3800 m/sec
2300 m/sec
177 
 
 
 
 
 
 
Figure 7.63 Maximum principal stress at Element 2420 of the nonlinear model for 
different propagation velocity cases: (a) sub-plot (b) co-plot 
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Figure 7.64 Minimum principal stress at Element 2420 of the nonlinear model for 
different propagation velocity cases: (a) sub-plot (b) co-plot 
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The peak values of the maximum and minimum principal stress in the time histories 
shown in Figure 7.59-Figure 7.64 are summarized in Table 7.19-Table 7.22.  
 
 
 
Table 7.19 Summary of critical maximum and minimum principal stresses at dam heel 
and neck of the nonlinear model for infinite propagation velocity case 
 
Location 
 
Element No. 
Critical Stress State 
Maximum Principal Stress Minimum Principal Stress 
Value (MPa) Time (sec) Value (Mpa) Time (sec) 
Heel 1 0.261 4.108 -5.021 4.330 
Neck(upstream) 2401 1.784 2.284 -6.841 4.328 
Neck(downstream) 2420 2.853 2.466 -9.311 4.498 
 
 
 
Table 7.20 Summary of critical maximum and minimum principal stresses at dam heel 
and neck of the nonlinear model for 4600 m/sec propagation velocity case 
 
Location 
 
Element No. 
Critical Stress State 
Maximum Principal Stress Minimum Principal Stress 
Value (MPa) Time (sec) Value (Mpa) Time (sec) 
Heel 1 0.280 4.186 -8.905 4.429 
Neck(upstream) 2401 2.157 2.759 -6.644 4.439 
Neck(downstream) 2420 2.882 2.550 -9.431 4.612 
 
 
 
Table 7.21 Summary of critical maximum and minimum principal stresses at dam heel 
and neck of the nonlinear model for 3800 m/sec propagation velocity case 
 
 
Location 
 
Element No. 
Critical Stress State 
Maximum Principal Stress Minimum Principal Stress 
Value (MPa) Time (sec) Value (Mpa) Time (sec) 
Heel 1 0.346 3.295 -6.704 4.030 
Neck(upstream) 2401 2.369 2.783 -6.706 4.460 
Neck(downstream) 2420 2.843 2.561 -11.285 4.626 
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Table 7.22 Summary of critical maximum and minimum principal stresses at dam heel 
and neck of the nonlinear model for 2300 m/sec propagation velocity case 
 
 
Location 
 
Element No. 
Critical Stress State 
Maximum Principal Stress Minimum Principal Stress 
Value (MPa) Time (sec) Value (Mpa) Time (sec) 
Heel 1 0.315 4.403 -6.448 4.102 
Neck(upstream) 2401 2.792 2.848 -6.205 4.538 
Neck(downstream) 2420 2.317 1.968 -10.674 4.691 
 
 
 
The following observations can be obtained from the analysis of the principal stress 
results of the nonlinear model and the comparison to the corresponding results of the 
linear model.  
 
It is first noted that all the four types of earthquake excitations may have caused yielding 
and tensile damage of the concrete material, which is suggested by the maximum 
principal stresses around the neck of the dam. At the downstream neck of the dam, the 
maximum principal stresses have almost approached the concrete’s tensile strength, 
which indicates that tensile damage is likely to take place in the vicinity of the 
downstream face of the neck. At the upstream face of the dam neck, although the 
maximum principal stress for the infinite propagation velocity case (1.784 MPa) is still 
smaller than the concrete’s tensile strength (2.9 MPa), the maximum principal stresses for 
the other three cases, especially for the 2300 m/s propagation velocity case, are close to 
the concrete’s tensile strength, indicating that in these cases tensile damage may also 
occur at the upstream face of the neck. At the heel of the dam, the maximum principal 
stresses (Figure 7.59) is observed to be virtually close to zero for the entire time history, 
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suggesting that at the dam heel the material has lost its tensile resistance. This behavior is 
different than the linear model, and can be attributed to the contact interaction at the dam-
foundation interface, as the presence of the “hard” contact between the dam and the 
foundation disables the transfer of tensile stress across the interface. On the other hand, 
no significant compressive damage has developed in the dam as the minimum principal 
stresses at the heel and neck of the dam are still below the compressive strength.  
 
Moreover, it is inferred from the comparisons of the maximum and minimum principal 
stress time histories, as shown in Figure 7.59-Figure 7.64, that the nonuniform input 
motion induces a higher level of stress in the dam than the uniform one. 
 
The stress contours of the dam that corresponds to these time instants, when the critical 
stress values in Table 7.19-Table 7.22 occur, are presented in Figure 7.65-Figure 7.68.  
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(a) (b)  
 
(c) (d)  
 
(e) (f)  
Figure 7.65 Maximum and minimum principal stress contour of the dam body of the 
nonlinear model for infinite propagation velocity case (deformation scale factor: 100): 
(a) maximum principal stress at 4.108 sec (b) minimum principal stress at 4.330 sec  
(c) maximum principal stress at 2.284 sec (d) minimum principal stress at 4.328 sec  
(e) maximum principal stress at 2.466 sec (f) minimum principal stress at 4.498 sec
183 
 
(a)  (b)  
 
(c)  (d)  
 
(e)  (f)  
Figure 7.66 Maximum and minimum principal stress contour of the dam body of the 
nonlinear model for 4600 m/s propagation velocity case (deformation scale factor:100):  
(a) maximum principal stress at 4.186 sec (b) minimum principal stress at 4.429 sec  
(c) maximum principal stress at 2.759 sec (d) minimum principal stress at 4.439 sec  
(e) maximum principal stress at 2.550 sec (f) minimum principal stress at 4.612 sec
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(a)  (b)  
 
(c)  (d)  
 
(e)  (f)  
Figure 7.67 Maximum and minimum principal stress contour of the dam body of the 
nonlinear model for 3800 m/s propagation velocity case (deformation scale factor: 100): 
(a) maximum principal stress at 3.295 sec (b) minimum principal stress at 4.030 sec  
(c) maximum principal stress at 2.783 sec (d) minimum principal stress at 4.460 sec  
(e) maximum principal stress at 2.561 sec (f) minimum principal stress at 4.626 sec
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(a)  (b)  
 
(c)  (d)  
 
(e)  (f)  
Figure 7.68 Maximum and minimum principal stress contour of the dam body of the 
nonlinear model for 2300 m/s propagation velocity case (deformation scale factor: 100): 
(a) maximum principal stress at 4.403 sec (b) minimum principal stress at 4.102 sec  
(c) maximum principal stress at 2.848 sec (d) minimum principal stress at 4.538 sec  
(e) maximum principal stress at 1.968 sec (f) minimum principal stress at 4.691 sec
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Damage in the Dam Body 
The nonlinear damage response of the dam under uniform seismic excitations is 
presented in Figure 7.69-Figure 7.74 at six selected time instants, which represent the 
evolution of the cracking process in the dam. On the other hand, the evolution of the 
cracking profiles of the dam under nonuniform seismic excitations is presented in Figure 
7.75-Figure 7.81 for the 4600 m/sec propagation velocity case, Figure 7.82-Figure 7.88 
for the 3800 m/sec propagation velocity case, and Figure 7.89-Figure 7.97 for the 2300 
m/sec propagation velocity case.  
 
Parts (b)-(d) of Figure 7.69-Figure 7.97 show the contour plots of the compressive 
damage variable, tensile damage variable, and the stiffness degradation variable, 
respectively. The tensile damage variable (“DAMAGET” in Part (c) of the figures) and 
compressive damage variable (“DAMAGEC” in Part (b) of the figures) are parameters 
related to damage under tension and compression, respectively (Section 4.1.1). The 
stiffness degradation variable (“SDEG” in Part (d) of the figures) is an indicator of the 
stiffness recovery effect during loading and unloading process (Section 4.1.1). Since the 
progression of the concrete material’s yielding and failure is linked to the tensile and 
compressive equivalent plastic strains, they are also given in parts (e) and (f) of the 
figures. The contour variables “PEEDT” and “PEEQ” denote tensile equivalent plastic 
strain and compressive equivalent plastic strain, respectively (Abaqus 2007). In addition, 
the maximum principal stresses at those selected time instances are provided in part (a) of 
the figures (“S, Max. Principal”).  
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.69 Damage contours of the dam body at 3.940 sec for infinite propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
188 
 
(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.70 Damage contours of the dam body at 4.145 sec for infinite propagation 
velocity case (deformation scale factor 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.71 Damage contours of the dam body at 4.326 sec for infinite propagation 
velocity case  (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain 
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.72 Damage contours of the dam body at 4.448 sec for infinite propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.73 Damage contours of the dam body at 4.684 sec for infinite propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain 
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.74 Damage contours of the dam body at 10.000 sec for infinite propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain 
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.75 Damage contours of the dam body at 3.828 sec for 4600 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
194 
 
(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.76 Damage contours of the dam body at 4.042 sec for 4600 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.77 Damage contours of the dam body at 4.246 sec for 4600 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.78 Damage contours of the dam body at 4.446 sec for 4600 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable( d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.79 Damage contours of the dam body at 4.538 sec for 4600 m/s propagation 
velocity case (deformation scale factor 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
198 
 
(a) (b)  
(c)  (d)  
(e)  (f)  
Figure 7.80 Damage contours of the dam body at 4.801 sec for 4600 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a) (b)  
(c)  (d)  
(e)  (f)  
Figure 7.81 Damage contours of the dam body at 10.180 sec for 4600 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a) (b)  
(c)  (d)  
(e)  (f)  
Figure 7.82 Damage contours of the dam body at 3.854 sec for 3800 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e) (f)  
Figure 7.83 Damage contours of the dam body at 4.066 sec for 3800 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c) (d)  
(e) (f)  
Figure 7.84 Damage contours of the dam body at 4.266 sec for 3800 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a) (b)  
(c) (d)  
(e) (f)  
Figure 7.85 Damage contours of the dam body at 4.467 sec for 3800 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.86 Damage contours of the dam body at 4.559 sec for 3800 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a) (b)  
(c) (d)  
(e)  (f)  
Figure 7.87 Damage contours of the dam body at 4.804 sec for 3800 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e) (f)  
Figure 7.88 Damage contours of the dam body at 10.220 sec for 3800 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a) (b)  
(c)  (d)  
(e)  (f)  
Figure 7.89 Damage contours of the dam body at 3.922 sec for 2300 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.90 Damage contours of the dam body at 4.139 sec for 2300 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.91 Damage contours of the dam body at 4.324 sec for 2300 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.92 Damage contours of the dam body at 4.538 sec for 2300 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.93 Damage contours of the dam body at 4.698 sec for 2300 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.94 Damage contours of the dam body at 4.882 sec for 2300 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e) (f)  
Figure 7.95 Damage contours of the dam body at 5.076 sec for 2300 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.96 Damage contours of the dam body at 5.293 sec for 2300 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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(a)  (b)  
(c)  (d)  
(e)  (f)  
Figure 7.97 Damage contours of the dam body at 10.370 sec for 2300 m/s propagation 
velocity case (deformation scale factor: 100): (a) Maximum Principal Stress (b) 
Compressive Damage Variable (c) Tensile Damage Variable (d) Stiffness Degradation 
Variable (e) Tensile Equivalent Plastic Strain (f) Compressive Equivalent Plastic Strain
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Regarding the uniform input motion case, damage in the dam initiates at t = 3.940 sec 
(Figure 7.69) when the crest of the dam moves in the upstream direction. At this time, the 
formation of crack-like damage is visible in the slope transition region on the 
downstream side of the dam neck. The “crack” closes when the top block of the dam 
vibrates to the downstream side at t = 4.145 sec (Figure 7.70). When the load is reversed 
at t = 4.326 sec (Figure 7.71), the head of the dam turns back upstream. The downstream 
face of the dam neck is being stretched and the “crack” reopens and propagates inside the 
dam. During the next excursion in the downstream direction, at t = 4.509 sec (Figure 
7.72), the “crack” closes under compression. The opening and closing of the crack repeat 
during the remainder of the excitation. It is shown in Figure 7.73 that at t = 4.684 sec, the 
open “crack” penetrates deeper into the dam body. Figure 7.74 illustrates the damage 
profiles of the dam at the end of the earthquake excitation at t = 10 sec.   
 
As for the nonuniform input motion cases, similar to the uniform case, cracking develops 
as the upper block of the dam vibrates backward and forward in the downstream and 
upstream direction during the duration of the earthquake, as illustrated in Figure 7.69-
Figure 7.97. The developed cracks open and close in an alternate fashion in the course of 
the earthquake excitation. Similar to the uniform input motion case, the damage zones for 
the three nonuniform input motion cases are found to take place in the slope transition 
region located on the downstream side of the dam and propagate towards the upstream 
face of the dam. However, the investigation of the three cracking profiles indicates that 
for infinite, 4600 m/sec, 3800 m/sec propagation velocity cases the crack bands are 
inclined to penetrate slightly deeper into the dam as the propagation velocity decreases. It 
is also noted that for the 2300 m/sec case, cracks are also observed on the upstream side 
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around the neck of the dam, indicating a more intense cracking behavior. It is then 
deduced from the comparison of the damage profiles between the uniform and 
nonuniform excitation cases that nonuniform excitations cause a more severe damage 
pattern than the uniform one.  
 
It is also worth mentioning that during these time instances, no compressive damage in 
the dam is observed, as suggested by part (b) of the compressive damage variable 
contours and part (f) of the compressive equivalent plastic strain contours in Figure 7.69-
Figure 7.97. This is also in line with the minimum principal stress results discussed 
earlier in this section. 
 
Contact Deformation at the Dam-Foundation Interface 
A significant difference between the linear and nonlinear model is the treatment of dam-
foundation interaction. In the linear model, the dam is tied to foundation, i.e., any normal 
and tangential relative movements between the dam and the foundation are not permitted. 
These discontinuities at the dam-foundation interface have been incorporated into the 
nonlinear model by the contact approach. With this approach, it is possible to study the 
contact deformation at the dam-foundation interface. The results of the contact 
deformation at the dam-foundation interface for different apparent propagation velocities 
are presented in Figure 7.98 and Figure 7.99. Figure 7.98 shows the contact opening at 
the heel of the dam. The contact slipping at the toe of the dam is shown in Figure 7.99. 
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Figure 7.98 Comparison of contact openings at the dam heel  
for different propagation velocity cases: (a) sub-plot (b) co-plot 
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Figure 7.99 Comparison of contact slippings at the dam toe  
for different propagation velocity cases: (a) sub-plot (b) co-plot 
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The following general observations can be made from the analyses of the contact 
deformation at the dam-foundation interface: 
 
(i) The principal mechanism for the dynamic contact deformation at the dam-foundation 
interface can be described by two types of mode of motion, i.e. the “opening” mode and 
the “slipping” mode. The global interfacial phenomena are a mixture of the two modes.  
 
(ii) The contact opening time history shows that the initial and final/residual crack 
openings are zero. The crack opens and closes intermittently during the seismic 
excitations. The time intervals during which the crack remains open are about 0.12 to 
0.15 sec and the magnitudes of the peak crack opening are around 6 to 8 mm. Although 
the magnitude of the cracks is small and the crack opening period is short, water may still 
penetrate, causing some uplift hydrodynamic pressure.   
 
(iii) Compared to the opening mode, the slipping mode appears to be more important as 
the permanent displacement induced by slipping may cause impair the functioning of the 
keys, drains, and grout curtains and, potentially, cause the loss of the reservoir. The 
results show that in all cases, the slipping response occurs in the downstream direction. 
This is anticipated, as it is easier for the earthquake loadings to initiate downstream 
slipping than upstream slipping (Chopra and Zhang 1991). The overall residual slipping 
displacement varies from approximately 9 to 26 mm, which does not indicate a serious 
concern for instability of the dam. 
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(iv) The transient contact opening and slipping behavior temporarily reduce the tensile 
and shear resistance of the interface, which generally tends to lower the response of the 
dam (Leger and Katsouli 1989). This is particularly evident in the comparison of the 
maximum principal stress at the dam heel between the linear model and the nonlinear 
model.  
 
(v) It is noted that the time at which the cracks form at the dam-foundation interface is 
much earlier than when they appear at the upper part of the dam body. This can be 
attributed to the fact that the concrete-rock interface bond strength is likely to be lower 
than the parent concrete (Danay and Adeghe 1991).  
 
Regarding the influence of spatial variability of earthquake ground motions, it is shown 
that, whereas the contact opening and slipping responses under various excitations share, 
basically, similar characteristics, i.e. the intermittent “peak” profile for opening and the 
“step” curve for slipping, the responses differ for the different propagation velocities. For 
the contact opening response at the heel of the dam response (Figure 7.98), the 
nonuniform input motion cases show a more severe response pattern than the uniform 
excitation case, as the contact openings occur with higher amplitudes over a longer 
duration. The largest peak contact opening amplitudes are 5.92 mm for the infinite 
propagation case, 7.44 mm for 4600 m/s propagation velocity case, 7.35 mm for 3800 
m/s propagation velocity case, and 6.86 mm for the 2300 m/s propagation velocity case. 
As for the contact slipping at the dam toe (Figure 7.99), the sliding displacement appears 
to increase in a descending propagation velocity order.  
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7.7.5. Summary and Discussion on the Wave Passage Effect 
 
The observations presented in Section 7.6.4-Section 7.6.5 lead to the following remarks 
regarding the influence of spatially varying earthquake ground motions on the response 
of the concrete gravity dams.  
 
The first remark in terms of the spatial variation of earthquake ground motions is that its 
effect on the behavior of the dams is a very complex problem. The general effect of the 
spatial variation of earthquake ground motions depends on the characteristics of the 
ground motions and the traits of the structure. It is suggested in this study that the 
“apparent wave length”, i.e. the apparent propagation velocity of the traveling wave 
divided by the predominant frequency of the seismic excitation, appears to be an 
important parameter in considering this effect. In this study, the apparent wave lengths 
for the three propagating earthquake input motion cases are 554 m for the 4600 m/s 
velocity case, 458 m for the 3800 m/s velocity case, and 277 m for the 2300 m/s velocity 
case, which all have the same order of magnitude with the length of the foundation (840 
m). When this spatial variability effect is considered, it is indicated in this investigation 
that nonuniform input excitations can exert substantial impact on the response of the dam, 
resulting in very different dam response patterns than the uniform excitations. The results 
of the investigation have shown that in the input motion cases that were considered, i.e. 
infinite propagation velocity, 4600 m/s propagation velocity, 3800 m/s propagation 
velocity, 2300 m/s propagation velocity, the response quantities under spatially 
nonuniform seismic excitations are generally larger than those under spatially uniform 
ones. These differences in the response of the dam are generally associated with the 
223 
 
quasi-static component of the structural response (see e.g. Zerva 2009). Under spatially 
varying earthquake loading conditions, the overall response of the dam subjected to these 
nonuniform input motions can be generally decomposed into two parts, i.e. the quasi-
static part and the dynamic part (Zerva 2009). Spatially variable ground motions excite 
the quasi-static response in additional to the dynamic response, which the uniform 
motions do not. Furthermore, spatially variable ground motions can also excite modes 
that uniform motions do not.  
 
In order to shed some light in the physical mechanism underlying the travelling wave 
effect on the earthquake performance of concrete gravity dams, the following explanation 
is given. Based on the preceding linear and nonlinear earthquake response analyses, the 
largest response quantities such as accelerations, stresses, and contact deformations, in 
both the linear and nonlinear cases are observed to center on from approximately 4 sec to 
5 sec. This time period is also the strongest phase in the duration of the Koyna 
Earthquake record (Figure 7.8). To correlate the influence of the wave passage effect to 
the response of the dam, the acceleration time series are first integrated to displacements 
shown in Figure 7.100. The arrival times for the traveling seismic waves with different 
apparent propagation velocities to reach the dam toe dam (Node 1007665 on the 
foundation surface in Figure 7.101) are 0.0989 sec for 4600 m/s, 0.1197 sec for 3800 m/s, 
and 0.1978 sec for 2300 m/s.  
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Figure 7.100 Displacement record of the Koyna Earthquake  
 
 
 
 
Figure 7.101 Illustration of the spatial and nodal distributions at the dam heel and toe 
 
 
 
In general, the overall response of the dam is the result of both the horizontal and the 
vertical input motion. The effect of the propagating seismic wave is that for different 
apparent propagation velocities, the displacement input motions at the nodal point of the 
dam toe (Figure 7.101) are shifted by the aforementioned time delays, which is shown in 
Figure 7.102.  
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Figure 7.102 Propagation of the Koyna Earthquake record:  
(a) transverse component (b) vertical component 
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When the time range from 4 sec to 5 sec is selected from part (a) of Figure 7.102, the 
displacement input motions for different apparent propagation velocities are shown in 
Figure 7.103. Part (a) of Figure 7.103 clearly shows that for the particular time range, the 
influence of the horizontal input motions goes down with increasing apparent 
propagation velocities. This can be found in the contact slipping at the toe of the dam 
shown in Figure 7.99, which are predominantly influenced by the horizontal motions. 
Similarly, at the heel of the dam (Node 1007645), part (b) of Figure 7.104 shows that the 
influence of the vertical input motions goes up with increasing apparent propagation 
velocities, which is observed in the contact opening at the heel of the dam shown in 
Figure 7.98.  
 
As for the horizontal accelerations at the crest of the dam, which is mainly influenced by 
the influence of the horizontal displacement input motion, a clear trend of increasing 
responses with decreasing apparent propagation velocities (Figure 7.47) is observed for 
the linear case. This trend is also observed in the nonlinear case (Figure 7.58) especially 
before 3.5 sec and after 5 sec. Between 3.5 sec and 5 sec, the structure is influenced by 
factors such as material yielding and other nonlinearities in the system and thus exhibits a 
much more complex behavior.  
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Figure 7.103 The displacement input motions for the propagating Koyna Earthquake 
records with different apparent propagation velocities at Node 1007665 between t = 4 sec 
and t = 5 sec: (a) horizontal components (b) vertical components 
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Figure 7.104 The displacement input motions for the propagating Koyna Earthquake 
records with different apparent propagation velocities at Node 1007645 between t = 4 sec 
and t = 5 sec: (a) horizontal components (b) vertical components 
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The stress responses are much more complicated than the acceleration and contact 
deformation responses. Stresses around the neck of the dam develop as the upper block of 
the dam oscillates back and forth in the upstream and downstream direction. It appears 
that in the strong phase of the earthquake motion, i.e. the time range from 4 sec to 5 sec, 
seismic wave travelling at a lower propagation velocity seems to cause the upper block of 
the dam to displace more towards the downstream direction (Figure 7.103) and 
correspondingly less towards the upstream direction. This is evident in the maximum 
principal stress responses at Element 2401 at the upstream dam neck for the linear 
analysis case (Figure 7.50). In this case, as the top part of the dam bends more towards 
the downstream, the upstream face of the dam sustains more tension, leading to a higher 
tensile stress level. As a result, the maximum principal stresses tend to increase with a 
descending apparent propagation velocity order. Similar to the stress on the upstream 
face of the neck of the dam, for the maximum principal stress at Element 2420 on its 
downstream side (Figure 7.52), as slower propagating wave moves the dam less to the 
upstream side, the maximum principal stresses appear to be higher for seismic excitation 
with faster propagation velocity, especially at the peaks in the time period from 4 sec to 5 
sec. As mentioned earlier in the acceleration response, the nonlinear model produces a 
more complex response pattern due to other sources of nonlinearity. For Element 2401 
located in the vicinity of the upstream dam neck, Figure 7.61 shows a general response 
pattern similar to the linear model. The response pattern of higher stresses by slower 
propagating waves is particularly clear before 3 sec. After 3 sec, the response pattern 
looks more intricate, which is associated with the tensile damage occurred on the 
upstream dam face. In the 2300 m/sec propagation velocity case, the crack has reduced 
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the material’s tensile strength to resist damage. Similarly, the response result at Element 
2420 located on the downstream side of the dam neck (Figure 7.63) can be explained in a 
way similar to that at Element 2401.   
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8. CHAPTER 8: CONCLUSIONS AND FUTURE PERSPECTIVES 
 
Chapter 8 summarizes the major conclusions and the broader impacts drawn from this 
study. Based on the results of this effort, recommendations for future research work are 
also made.  
 
8.1. Conclusions 
 
The effect of spatially variable ground motions on the 2D response of concrete gravity 
dams was analyzed. The numerical modeling of concrete gravity dams involves material 
nonlinearities (the concrete in the body of the dam, the foundation material, and the water 
in the reservoir), geometric nonlinearities (contact between the dam and the foundation, 
the dam and the reservoir, and the reservoir and the foundation, the latter also including 
the effect of the sediment deposits), and the influence of the infinite foundation and 
reservoir domains. Sensitivity analyses were first conducted to examine the effect of 
infinite domains, commonly used simplifications in the modeling of the reservoir, and the 
nonlinearities in the foundation rock, including its approximation as a jointed material. 
The numerical model was then utilized to reproduce the 2D cross section of the Koyna 
Dam in India, which was severely damaged during the 1967 Koyna Earthquake. The 
damage patterns observed in the actual dam and in limited shake-table experimental 
studies were well reproduced by the numerical model. Finally, the model was subjected 
to spatially variable excitations incorporating the wave passage effect with values for 
apparent propagation velocities consistent with the source-site geometry and the shear 
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wave velocity in the foundation rock. The conclusions drawn from this investigation are 
summarized in the following: 
 
(1) The length of the reservoir in the numerical model has a significant influence on the 
natural frequencies of the reservoir. This influence vanishes as the length tends to infinity. 
When the reservoir is unbounded, there is no “length” dimension, only height.  
 
(2)The influence of infinite domain is significant. The unbounded size of the infinite 
domain needs to be modeled appropriately. Infinite elements provide a realistic and 
efficient way for modeling infinite domains. It was further shown in this study that the 
multi-transmitting boundary can simulate well the seismic wave propagation process in 
infinite media. 
 
(3) Linear analyses offer valuable insight into the general seismic performance of 
concrete gravity dams. However, although such analyses provide a good indication of the 
locations where damage may initiate during strong shaking, they cannot predict the 
nonlinear response mechanisms, such as the extent of cracking, sliding, etc. It was shown 
in this study that, for cases where severe damage is expected, as in an intense earthquake, 
the nonlinear response pattern of the dam deviates drastically from its linear pattern. The 
seismic damage behavior of the Koyna Dam has been well reproduced in this study using 
the concrete damaged plasticity model. The functional forms for the uniaxial, tensile and 
compressive, stress-strain and damage variable-strain curves, which were derived for the 
nonlinear damage analyses from previous analytical and experimental studies, were 
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shown to be realistic. The techniques of utilizing viscoplastic regularization in the 
numerical model and the fictitious crack model to characterize the concrete fracture 
process zone, introduced earlier for the concrete damaged plasticity model, were shown 
to be effective for eliminating mesh sensitivity. The resulting cracking trajectory of the 
numerical model predicted well the fracture damage of the actual dam during the Koyna 
Earthquake, as well as those reported in relevant analytical and experimental studies. 
 
(4) Water in the reservoir may undergo cavitation during intense earthquake shaking, 
when the absolute pressure of the water drops below its cavitation limit. The physical 
mechanism underlying the cavitation process can be described by four stages: contact 
phase before cavitation, cavitation phase, separation phase, and contact phase after 
cavitation. The results of this study indicated that water cavitation has a minimal effect 
on the seismic response of the dam. Displacements and stresses considering cavitation are 
almost identical to those neglecting cavitation. However, cavitation has the tendency to 
reduce the deformation on the upstream face of the dam during the separation phase. On 
the other hand, it may intensify the upstream motion during the contact phase after 
cavitation. As a result, the overall response of the dam reflects the combined actions from 
the decrease due to separation during cavitation and the increase due to contact after 
cavitation. 
 
(5) The rock masses in the foundation are discontinuous, inhomogeneous, anisotropic, 
inelastic, and porous due to the presence of joints, fractures, and other planes of weakness. 
The existence of these discontinuities can affect the strength and deformation of the rock, 
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and, subsequently, the response of the dam. In addition, these planes of weakness may 
also cause scattering of the incident seismic waves, causing the earthquake ground 
motions to lose coherency. A sensitivity analyses with respect to the orientation of the 
planes of weakness in the rock indicated that the orientation of the joint plane does not 
create significant differences in the response of the dam when the earthquake input is 
applied on the foundation surface. This may be attributed to the current earthquake input 
mechanism, which applies the seismic excitation at the foundation surface. More 
significant differences are expected when the seismic excitations are applied at the 
truncated boundary of the foundation. In this case, the joint plane may alter the direction 
of propagation of the incident waves, causing the earthquake ground motions to become 
more “incoherent”. Analyses were also performed to compare the response of the dam 
when the foundation is represented by different rock models, i.e. the jointed rock model 
and the Mohr-Coulomb model. It was shown that the different models produce similar 
response patterns, which may also be attributed to the earthquake input mechanism.  
 
(6) Sensitivity analyses were conducted to investigate the dam-reservoir-foundation 
interaction effects:  
i) The numerical modeling of the reservoir has a significant effect on the response of the 
dam. It was shown that the Westergaard’s added mass model yields the highest response, 
followed by the model that represents the reservoir with finite elments, the model in the 
absence of the reservoir, and Darbre’s two-parameter model. Westergaard’s added mass 
technique tends to overestimate the structural response, because it neglects the 
compressibility of the fluid and the coupling between the structrual structure and the fluid. 
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On the other hand, Darbre’s two parameter technique appears to underestimate the dam 
response, which is attributed to the considerable amount of energy dissipated by the 
dampers in the model.  
ii) The flexibility of the foundation and its ability to dissipate energy via both material 
and radiation damping can affect the performance of the dam.  
(iii) The dynamic contact deformation at the dam-foundation interface can be described 
by the combination of the “opening” mode and the “slipping” mode. The cracks at the 
interface open and close intermittently during the seismic excitations. Although the 
magnitude of the cracks is small and the crack opening period is short, water may 
penetrate in the cracks, causing some uplift hydrodynamic pressure. Compared to the 
opening mode, the slipping mode appears to be more important, as the permanent 
displacement induced by the slipping mode may impair the functioning of the keys, 
drains, and grout curtains, and, potentially, cause the loss of the reservoir. The results 
indicate that in all cases, the slipping response occurs in the downstream direction. The 
transient contact opening and slipping behavior temporarily reduce the tensile and shear 
resistance of the interface, which generally tends to lower the response of the dam.  
 
(7) Spatially varying earthquake ground motions can exert impact on the response of the 
dam and should be considered in the seismic response evaluation of concrete gravity 
dams. In this investigation, both the linear and nonlinear analysis results suggest that the 
effect of the spatial variation of the seismic ground motions is significant. The response 
quantities considering spatial variation of earthquake ground motions are generally larger 
than those that neglect this effect.  
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(8) The spatial variability effect on the response of dams is complex and depends on the 
characteristics of the ground motions as well as those of the structure. These variations in 
the seismic input excitations may induce different response patterns in the dam than 
uniform ground motions. This may be attributed to the fact that spatially variable ground 
motions induce the quasi-static response, which the uniform motions do not, and 
additionally, spatially variable ground motions excite the dynamic response differently 
than uniform motions.   
 
8.2. Broader Impacts 
 
The numerical procedure developed in this study for the seismic response evaluation of 
concrete gravity dams provides a general framework for the analysis and design of these 
critical structures. The results of the evaluation indicate that different response patterns 
result when spatially nonuniform and uniform seismic motions are applied as input 
excitations to the model, suggesting the significance of incorporating the spatial variation 
of earthquake ground motions into the seismic assessment and design of concrete gravity 
dams. The research work presented in this study also provides insight into the seismic 
behavior of concrete gravity dams and the complex mechanisms in the fluid-rock-
structure multi-phase system.  
 
8.3. Recommendations for Future Work 
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Based on the research work presented in previous chapters, the following future work is 
recommended:  
 
(1) The characterization of the control seismic motion (input motion at an appropriate 
depth in the foundation material) is a significant consideration in the evaluation of the 
response of concrete gravity dams. In view of the two earthquake input approaches, i.e. 
the direct input approach and the deconvolution approach, a more rigorous approach is to 
perform a multi-dimensional nonlinear iterative deconvolution procedure (e.g. 
Krauthammer and Chen 1986, 1987, 1988).  
 
(2) It has been demonstrated by this study that the spatial varying earthquake ground 
motions caused by the wave passage effect, even for a 2D model of the dam, yield a 
higher response than uniform ground motions. Since seismic ground motions 
experiencing loss of coherency change in shape, as they propagate on the ground surface, 
it is also necessary to consider the nonuniformity in the seismic excitation due to loss of 
coherency in the motions. Obviously, the incorporation of such influence in the 
earthquake input will further enhance the differences.  
 
(3) The nonlinear dynamic dam-foundation interaction is an important consideration in 
the seismic response evaluation of concrete gravity dams. Presently the interfacial 
mechanical behavior between the dam and the foundation has not yet been extensively 
studied. The limited studies conducted utilize the contact mechanics-based approach. 
Fracture mechanics offers a different perspective for studying this nonlinear dam-
foundation interfacial behavior. Furthermore, additional theoretical and experimental 
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work should be conducted to characterize and model this concrete-rock bi-material 
interface. In addition, when interface cracks form on the upstream side of the dam, the 
fluid in the reservoir may penetrate in the opening resulting in an uplift pressure, which, 
in turn, can create forces that advance the opening of the crack and impact the dam’s 
global equilibrium and stability. The modeling of the transient fluid flow within 
hydraulically driven fracture at the dam-foundation interface has not yet received 
sufficient attention, and needs to be investigated.  
 
(4) The current practice of modeling concrete gravity dams follows a two-dimensional 
approach. In the 2-D modeling, plain stress or plain strain conditions are typically 
assumed depending on whether the contraction joints in the dam are unkeyed or keyed. 
However, there are situations where three-dimensional effects may play an important role. 
For example, the seismic ground motions vary spatially not only transverse to the dam 
axis but also along the axis of the dam, which may induce rocking and twisting of the 
monoliths, causing the adjacent monoliths to move “out-of-phase” with respect to each 
other. Moreover, the canyon topography can amplify seismic ground motions through 
constructive interference. Hence, the analysis of the effects of spatial variability of 
earthquake ground motions on the dam response has to be extended to the 3-D case. 
 
8.4. Concluding Remarks 
 
The seismic response of concrete gravity dams subjected to spatially varying ground 
motions was examined in this study. The numerical modeling of the dam system 
considered the nonlinear behavior of the concrete in the body of the dam, the foundation 
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material, and the water in the reservoir, the contact interaction between the dam and the 
foundation, the dam and the reservoir, and the reservoir and the foundation, and the 
influence of the infinite foundation and reservoir domains. The analysis indicated that 
different response patterns occur when spatially nonuniform and uniform seismic motions 
are considered as input excitations to the system. In particular, spatially varying 
earthquake ground motions induce more severe cracking at the neck of the dam, larger 
opening at the heel of the dam, and more severe slipping at the toe of the dam, which can 
have a significant influence on the response of the dam and impact the dam’s global 
stability in the earthquake. The diverse response patterns induced by different seismic 
excitation scenarios may be attributed to the fact that spatially variable ground motions 
induce the quasi-static response, which the uniform motions do not, and additionally, 
spatially variable ground motions excite the dynamic response differently than uniform 
motions. Hence, the spatial variation of the earthquake ground motions should be 
incorporated into the seismic analysis and design of concrete gravity dams. 
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APPENDIX A 
 
The concrete compressive behavior is specified in a stress-strain form, as illustrated in 
Figure A.1 (Abaqus 2007).  
 
The compressive stress-strain relationship used herein is derived based on experimental 
observation. Following Lubliner et al. (1988), the compressive stress-strain relationship 
assumes an exponential expression, which is given by: 
      0 1 exp exp 2p pc a b a b           (A.1)
where 0c , as illustrated in Figure A.1, is the compressive initial yield stress; a and b are 
dimensionless constants.  
 
 
 
 
 
Figure A.1 Stress-strain relationship for concrete compressive behavior 
 
 
 
By fitting the analytical function to the experimental diagram supplied by Karsan and 
Jirsa (1969) that has been adopted in the verification of the plastic-damage model (Lee 
1996; Lee and Fenves 1998a, 1998b), 0c , a , and b  are identified to be 0 12.63c  Mpa, 
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6.430a  , and 353.938b  . Figure A.2 compares the fitted exponential curve with the 
experimental data. It is shown in Figure A.2 that the fitted curve gives a good match of 
the experimental diagram. The compressive stress-stain data for Abaqus input is plotted 
in Figure A.3.  
 
 
 
 
 
Figure A.2 Fitted exponential curve and experimental diagram  
 
 
 
 
 
Figure A.3 Stress-strain curve for concrete compressive behavior 
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Using Equations (4.12) and (A.1), the compressive damage variable c  is given by 
Lubliner et al. (1989) as:  
      11 2 1 exp exp 22 p pc a b a ba           (A.2)
The compressive stiffness degradation variable cd , which is termed as compression 
damage variable in Abaqus (Abaqus), is assumed by Lee (1996) and Lee and Fenves 
(1998a,1998b) to take an exponential form with respect to strain. Following their 
exponential assumption, the compressive stiffness degradation variable cd  in the current 
study is developed by taking the functional form in Equation (4.22) to be: 
 c cd   (A.3)
and substituting Equation (A.2) into Equation (A.3). The final expression for the 
compressive stiffness degradation variable cd  is written as: 
      11 2 1 exp exp 22 p pcd a b a ba           (A.4)
Based on Equation (A.4), the compression damage variable-strain data for Abaqus input 
are plotted in Figure A.4. 
 
The concrete tensile behavior is defined in terms of a stress-displacement relationship. 
The stress-displacement diagram is illustrated in Figure A.5, in which the stress and 
displacement are denoted by t  and   respectively.  
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Figure A.4 Compression damage variable-strain curve for concrete compressive behavior 
 
 
 
 
 
Figure A.5 Stress-displacement curve for concrete tensile behavior 
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The area under this stress-displacement curve is referred to as the fracture energy tG  , i.e.   
  0t tG d     (A.5)
which is generally considered to be a material property. 
 
Typical fracture energy values used in continuum damage mechanics based models for 
seismic analysis of concrete gravity dams are approximately 200 N/m (e.g. Lee and 
Fenves 1998a, Valliappan et al. 1999). In this study, the fracture energy is chosen to be 
200 N/m.  
 
Numerous softening functions for describing the strain softening behavior in the 
concrete’s fracture process zone have been proposed in the literature. One of the most 
common functional forms is the exponential softening function. In the present study the 
exponential relationship proposed by Karihaloo (1995) is used, which is expressed in the 
form: 
 0 expt t
c
   
    
 (A.6)
where 0t   is the tensile failure stress, c  is a displacement parameter that can be 
evaluated from: 
 
0
4.6517 t
c
t
G   (A.7)
and    is a material constant taken to be 4.6052   for 00.01t t   and c  .In 
Equation (A.7), if the fracture energy is chosen to be 200tG   N/m and the tensile 
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failure stress is chosen to be 60 2.9 10t   Pa (Lee and Fenves, 1998), the tensile stress-
displacement data for Abaqus input  can be plotted in Figure A.6. 
 
 
 
 
 
Figure A.6 Stress-displacement curve for concrete tensile behavior 
 
 
 
Another required input information for the damaged plasticity model is the specification 
of the tension damage variable td . Similar to the approach for obtaining the compression 
damage variable cd , the tension damage variable td  is derived in the following. For the 
concrete’s tensile behavior described in a stress-displacement relationship, Equation 
(4.11) becomes: 
 
 
 
0
0
p
t
t
t
d
d
   
  
   (A.8)
Taking Equation (A.6) into Equation (A.8) and letting t td   then leads to:  
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 
1 exp
1 exp
c
td
 

           
 (A.9)
where   and c  are the parameters defined in Equations (A.6) and (A.7). 
 
Following Equation (A.9), the tension damage variable-displacement input data are 
plotted in Figure A.7. 
 
 
 
 
 
Figure A.7 Tension damage variable-displacement curve for concrete tensile behavior 
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APPENDIX B 
 
The problem considered is a two-dimensional finite rectangular reservoir with length L 
and height H shown in Figure B.1. It is also assumed that the water in the reservoir is full.  
 
 
 
 
 
Figure B.1 Schematic diagram of a finite reservoir with length L and height H 
 
 
 
As described in Equation (3.4), the differential equation governing the motion of linear 
inviscid compressible water in the reservoir is given by:   
      2 2 2
2 2 2 2
, , , , , ,1p x z t p x z t p x z t
x z c t
       (B.1)
 
where p  is the hydrodynamic pressure, c  the speed of sound in the water.  
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Assuming the dam and the foundation are rigid and considering that the reservoir surface 
( rs ) and the truncated boundary of the reservoir ( rt ) are free, the following boundary 
conditions then hold: 
(i) At the free surface of the reservoir rs  
  , , 0
z H
p x z t    (B.2)
(ii) At the truncated boundary of the reservoir rt  
  , , 0
x L
p x z t    (B.3)
(iii) At the foundation-reservoir interface rf  
  
0
, , 0
z
p x z t
z 
   (B.4)
(iv) At the dam-reservoir interface rd  
  
0
, , 0
x
p x z t
x 
   (B.5)
Using the method of separation of variables, the hydrodynamic pressure p can be 
expressed in the following form: 
        , ,p x z t X x Z z T t  (B.6)
Substituting Equation (B.6) into Equation (B.1) results in: 
 
 
 
 
 
 
 2
1X x Z z T t
X x Z z c T t
     
(B.7)
Defining Equations (B.8)-(B.10) respectively as: 
 
 
  2
X x
X x
    
(B.8)
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 
  2
Z z
Z z
    
(B.9)
 
 
  2
T t
T t
    
(B.10)
and substituting them back into Equation (B.7) produces 
 
2
2 2
2c
    (B.11)
Note that Equation (B.11) can also be equivalently written as: 
 2 2c     (B.12)
in which   is the natural frequency of the finite reservoir. 
The general solutions of Equations (B.8)-(B.10) are given by: 
      sin cosx xX x a x b x    (B.13)
      sin cosz zZ z a z b z    (B.14)
      sin cost tT t a t b t    (B.15)
where xa , xb , za , zb , ta , and tb  are constants that depend on the boundary and initial 
conditions.  
Considering the boundary conditions defined in Equations (B.2)-(B.5),  and   are 
found to be: 
    2 1   1,2,3
2
i
i
L
     (B.16)
    2 1   1,2,3
2
j
j
H
     (B.17)
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After replacing  and   in Equation (B.12) with Equations (B.16) and (B.17), the natural 
frequency of the finite reservoir   finally arrives at: 
      
2 2
2 1 2 1
  , 1,2,3
2 2ij
i j
c i j
L H
                 (B.18)
It is noted that if the reservoir has an infinite length, the term associated with length L in 
Equation (B.18) drops out. In this case, Equation (B.18) is reduced to: 
    2 1   1,2,3
2j
j
c j
H
     (B.19)
Equation (B.19) is the exact solution of the natural frequencies of a semi-unbounded 
reservoir that can be found in other studies (e.g. Chopra, 1967).  
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APPENDIX C 
 
Consider a one-dimensional fluid tube with a length of L shown in Figure C.1. The fluid 
is assumed to have a compressible, inviscid, and linear behavior. At the right end of the 
fluid medium ( 0x  ), an arbitrary acceleration excitation  gu t  is imposed. The left 
boundary of the medium ( x L ) is a nonreflecting boundary represented by the 
Sommerfeld boundary condition (Sommerfeld 1949). For this 1-D transient wave 
propagation problem, following a similar approach proposed by Chopra (1967), the 
analytical solution for the hydrodynamic pressure in the tube is derived as follows.  
 
 
 
Figure C.1 transient wave propagation in one-dimensional fluid tube 
 
 
Under the above condition, the differential equation governing the hydrodynamic 
pressure wave scattering in the fluid tube reads (see Equation (3.4), also termed as the 
one-dimensional wave equation): 
    2 2
2 2 2
, ,1 0
p x t p x t
x c t
     (C.1)
where p  is the hydrodynamic pressure in excess of the hydrostatic one and c  is the 
speed of sound in the fluid medium. 
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At 0x  , the right end boundary condition is written as: 
    , gp x t u tx 
     (C.2)
where   is the density of the fluid medium. 
At x L , the Sommerfeld boundary condition (Sommerfeld 1949) holds: 
    , ,1 0p x t p x t
x c t
     (C.3)
 
Complex Frequency Hydrodynamic Pressure Response  
Assume that the excitation is harmonically time-varying and let   i tgu t e  , the general 
solution of the boundary value problem given in Equation (C.1)-Equation (C.3) can be 
expressed as (e.g. see References by Chopra (1967); Zingales (2003); Aviles (1998)):  
    , , i tp x t H x e   (C.4)
with  ,H x   being 
     
 1
1
4 1 exp
,
2 1
j
j
x
H x
j
   


      (C.5)
in which i c  .  
 
Hydrodynamic Pressure Response to Unit Impulse Excitation  
The hydrodynamic pressure response to unit impulse excitation, i.e.    gu t t , where 
 t  is the Dirac delta function, can then be obtained by the Fourier Transform of the 
complex frequency response  ,H x   as: 
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     
    
,
0      
c t x c
h x t
t x c
   
 (C.6)
 
Hydrodynamic Pressure Response to Arbitrary Acceleration Excitation  
By performing convolution integral to the unit impulse pressure response, the 
hydrodynamic pressure under arbitrary acceleration excitation  gu t  finally arrives at:  
       
0
    
,
0                            
t x c
gc u d t x cp x t
t x c
     
   (C.7)
 
To verify that the final solution, i.e. Equation (C.7), is correct, it is substituted back into 
the governing equation and the two boundary conditions that are specified from Equation 
(C.1) to Equation (C.3). The verification shows that Equation (C.7) satisfies Equation 
(C.1)-Equation (C.3). Consider the special load case of sinusoidal acceleration excitation, 
i.e.    singu t t , the hydrodynamic pressure response, i.e. Equation (C.7), takes the 
following form: 
       
 
1 cos     
,
0                                          
c t x c t x c
p x t
t x c
 
        
 (C.8)
  
272 
 
VITA 
 
Mr. Junjie Huang received his bachelor’s degree in Civil Engineering in 2003 and his 
master’s degree in Civil Engineering in 2006 both from Tongji University in China. He 
joined the Department of Civil, Architectural, and Environmental Engineering at Drexel 
University in 2006 and is currently pursuing his doctorate in Civil Engineering at the 
university. His principal research interests lie in theoretical and practical applications of 
computational modeling and simulation in earthquake engineering and engineering 
seismology. He has published multiple research works on these topics. He is also a 
student member of many professional affiliations such as the American Society of Civil 
Engineers, the Earthquake Engineering Research Institute, the Seismological Society of 
America, the United States Association for Computational Mechanics, and the 
International Association for Computational Mechanics. 
  
 
